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ABSTRACT 
 
 
As human population is expanding, the demand for food, crop feeds, and energy have also 
increased. The majority of energy source is from petroleum and the massive production carbon 
dioxide from high-energy consumption links to global climate changes. Moreover, there are 
rising concerns toward the food versus fuels issue which intensified the necessity of searching 
sustainable alternative biofuels. With the recent development of metabolic engineering toolbox 
for strain improvement, microbial fermentation by the conventional yeast, Saccharomyces 
cerevisiae, has provided significant potential for producing advanced biofuels and value-added 
products. Engineered yeast can be employed to convert fermentable sugars, which consist of 
agricultural and forest residues, into numerous chemical products. However, the generation of 
the fermentable sugars from the agricultural and forest residue requires harsh chemical and 
physicochemical pretreatments which would generate various toxic compounds that inhibit the 
growth of microorganisms and cellular metabolism as well as affect the yield of target products. 
Other challenges from the fermenting microorganisms are their inability to ferment all available 
sugars from lignocellulosic biomass, lack of other desirable traits such as higher ethanol 
productivities, and low tolerances toward the environment stresses. Therefore, it is necessary to 
develop more robust and efficient fermenting strains with the ability to tolerate the 
environmental stresses in lignocellulosic hydrolysates.  
The industrial yeasts are one of the potential hosts for superior fermentation of 
lignocellulosic hydrolysates containing toxic fermentation inhibitors due to their adapted 
evolution adaptation under industrial environments. They can withstand extreme environment 
conditions, and exhibit a better and distinctive fermentation characteristic than laboratory yeast 
strains. Even though industrial yeast strains possess increased tolerances towards fermentation 
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inhibitors and have a wider range of optimal growth temperature, they are not well characterized, 
and it is challenging to introduce designed genetic perturbations into industrial yeast strains due 
to their complex genetic structures and high degree of heterozygosity. Therefore, the overall 
goals of my thesis are 1) to increase the industrial fitness of the industrial S. cerevisiae against 
toxic inhibitors in lignocellulosic hydrolysates through a metabolic engineering approach, 2) to 
develop an optimal yeast strain which is capable of efficiently fermenting xylose, second 
abundant sugar in the lignocellulosic hydrolysates which S. cerevisiae could not metabolize 
naturally, 3) to allow in situ detoxification of acetic acid which is an inevitable byproduct in 
lignocellulosic hydrolysates by introducing an acetic acid reduction pathway into engineered 
strain, 4) to achieve an efficient sugar fermentation in minimal media under low pH conditions 
through laboratory evolution of the engineered strain, and 5) to investigate the role of an 
uncharacterized protein that is a beneficial deletion target for an efficient xylose fermentation 
under low pH conditions. The ultimate motivation is to obtain a robust industrial strain with 
efficient fermentation that tolerates fermentation inhibitors under low pH conditions. The strains 
and methodologies developed in my dissertation will be broadly applicable for developing robust 
and advanced yeast strains to produce biofuels and chemicals from renewable biomass. 
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CHAPTER I: INTRODUCTION OF INDUSTRIAL YEASTS AND THE CURRENT 
CHALLENGES FOR PRODUCING RENEWABLE CHEMICALS 
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1.1 Introduction 
The expanding demand for energy has been met largely by the usage of petroleum products 
such as oil or natural gas in recent years. However, environmental concerns such as widespread 
depletion of fossil fuels, global warming, questionable land-use practices, and competition 
between food versus fuels are directing industries and academics to have an increasing desire for 
developing feasible and sustainable alternative biofuels and biochemicals (1) (2). Any renewable 
terrestrial non-food biomass, such as agricultural residues, wood waste, or energy grasses are 
considered as good alternative raw materials (3). These lignocellulosic biomass sources are 
advantageous because of their low cost, minimal land usages, and the avoidance of competition 
between food and fuel. In addition, employing microorganisms for the bioconversion of plant-
derived lignocellulosic materials from lignocellulosic biomass into biofuels and value-added 
chemicals provides opportunities for a sustainable future (4). Therefore, the selections of these 
bioconversion microorganisms are important, and they should have the abilities to efficiently 
metabolize various sugars presented in the biomass sources and provide rapid productivities and 
yields of targeted biofuels and biochemical production. To develop the optimal microorganism 
with these advantageous characteristics, metabolic engineering was employed on widely-used 
fermenting microorganisms, such as yeast.  
Saccharomyces cerevisiae is a type of yeast that played a major role as a model organism 
for studying the molecular mechanism of diseases (5), even beyond their traditional uses for the 
production of beer, wine, and other fermented goods (6). It is the most efficient ethanol 
producing host from hexose sugars, due to its better yield and productivity, high tolerances and 
robustness toward ethanol, inhibitors, acidity and other pressures under industrial scale as 
compared with other microorganisms. This microorganism has a well-studied genetic and 
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physiological background and has extensive tools for manipulation and engineering (7-10).  
Yeast engineering technologies have grown dramatically in the recent years since their advent in 
the 1970s due to modern techniques (11), and S. cerevisiae has become one of the most 
important cell factories for improving its relative tolerances and cellular activities toward 
biofuels and biochemical productions. Therefore, S. cerevisiae was employed for further strain 
engineering and have provided significant potential for producing biofuels and value-added 
products 
 
1.2 Microbial fermentation of lignocellulosic sugars 
To effectively utilize plant biomass, lignocellulosic biomass were subjected to a 
pretreatment and hydrolysis to release the available hexoses and pentoses for microbial 
conversions. However, S. cerevisiae does not naturally metabolize xylose, a pentose sugar that is 
the second abundant sugar found lignocellulosic hydrolysates. It is crucial to ferment pentoses 
sugars in order to achieve cost-effective fermentation with high yield and productivities. Hence, 
numerous metabolic engineering studies were conducted to create an efficient xylose-fermenting 
strain (12-14). Specifically, xylose assimilation metabolism can be introduced into S. cerevisiae 
using a fungal or bacterial pathway (Figure 1.1). The bacterial pathway consists of one enzyme, 
xylose isomerase (XI), for converting xylose into xylulose, whereas the fungal pathway consists 
of NADPH-linked xylose reductase (XR) and NAD-linked xylitol dehydrogenase (XDH) for 
converting xylose into xylitol and xylulose, respectively. Xylulose will then phosphorylated into 
xylulose-5-phosphate (X5P) by xylulose kinase (XK) and enters the non-oxidative pentose 
phosphate (PP) pathway for further metabolisms.  In addition, the deletions of ALD6 
(acetaldehyde dehydrogenase) and PHO13 (alkaline phosphatase) were reported to optimize the 
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xylose fermentation in previous studies, since both genes had detrimental effects on xylose 
metabolism. Ald6 converts acetaldehyde to acetate, and the accumulation of acetate reduces the 
ethanol yield and increase the cellular toxicity as the fermentation condition drops below pH 5. 
The deletion of ALD6 would, therefore, minimize the accumulation of acetate, and the deletion 
of PHO13 results in the upregulation of genes in the PP pathway necessary for efficient xylose 
metabolism, and prevent the accumulation of sedoheptulose (14) (15). Therefore, these designed 
genetic perturbations were introduced into the S. cerevisiae to efficiently ferment xylose, the 
second abundant sugar presented in lignocellulosic hydrolysates  
 
1.3 Challenges in the lignocellulosic hydrolysate fermentation 
Although the engineered yeasts strains were able to increase the sugars’ utilization range, 
they are still not applicable to an industrial setting due to the yields, fermentation efficiency, or 
lower stress resistances. Typically, simple fermentable sugars are derived from the 
lignocellulosic feedstock by diluted acid pretreatment and enzyme hydrolysis (16, 17).  Diluted 
acid pretreatment is the most promising pretreatment because it results in a higher recovery of 
hemicellulosic sugars. However, the pretreatment usually involves the usage of strong catalysts 
such as sulfuric acid, mineral acids, or sometimes sulfur dioxide, which are extremely toxic and 
neutralization is often required prior to any microbial fermentation. The pretreatment also leads 
to the formation of byproducts such as aliphatic acids (primarily acetic acid), furan derivatives 
(furfural and 5-hydroxmethyfurfural [5-HMF]), carboxylic acids, phenolic compounds (coumaric 
acid, syringaldehyde, and vanillin), inorganic compounds, and so forth (Figure 1.2). The 
byproducts are the fermentation inhibitors that hinder the microbial growths and the fermentation 
performances (18-20). Under high temperature and high pressure, furfural and 5-HMF are 
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formed by the dehydration of pentoses and hexose, respectively. They can be further degraded 
into levulinic and formic acid. On the other hand, acetic acid is derived from the release of the 
acetyl groups from hemicellulose, and phenolic compounds originate from extractives or the 
breakdown of lignin macromolecules through acid hydrolysis (Figure 1.2) (19).  
The toxicity mechanisms of the fermentation inhibitors vary among each inhibitor in the 
yeast. (Figure 1.3) (21, 22). For example, furfural and 5-HMF reduce yeast enzymatic and 
biological activities, such as the inhibitions of glycolytic enzymes and aldehyde dehydrogenases, 
resulting in NAD(P)H depletion and accumulation of acetaldehyde, causing the lag phase of cell 
growth. Furthermore, they can induce reactive oxygen species accumulation, break down DNA, 
and inhibit protein and RNA synthesis. In contrast, phenolic compounds toxicity has not been 
well elucidated, and possible mechanisms involved in the cell membrane inferences by phenolic 
compounds. They changed the cell membrane functions and its protein-to-lipid ratio. 
Fortunately, the concentration of furans aldehydes and phenolic compounds in lignocellulosic 
hydrolysates are relatively smaller than the concentration of aliphatic acids. Also, S. cerevisiae 
can detoxify furfural and HMF under anaerobic condition by the reduction of furfural and HMF 
into alcohol with the cofactors NADH and NADPH, respectively. Therefore, numerous studies 
were focused on the toxicity and tolerance of weak acids and low pH conditions. 
Weak acids have the pKa values of 4.75 for acetic acid, 3.75 for formic acid, and 4.66 for 
levulinic acid. Their toxic effects are attributed to the concentration of an undissociated form of 
the acid present in the fermentation medium. Yeasts are very sensitive to the small pH 
deviations, because when the extracellular pH is lower than the pKa value, undissociated weak 
acids can diffuse freely across the plasma membrane and dissociated in the cytosol with neutral 
pH. It is crucial maintaining a neutral intracellular pH and the pH homeostasis for cell viability. 
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Thus cells release protons through the plasma membrane along with ATPase, which requires 
ATPs. The consumption and deficiency of ATP lead to cell exhaustion and hinder the cell 
growth. (21-23) Moreover, accumulation of anion also has inhibitory effects which affect the cell 
turgor pressure (21).  
As discussed above, the concentration of undissociated acids in lignocellulosic 
hydrolysates is very dependent on external pH. Therefore, external pH is a crucial variable 
during fermentation. Even with the absence of weak acids, low pH inhibits cell proliferation and 
viability. A strong acid such as HCl can lower the external pH, but cannot permeate through the 
plasma membrane generally. However, they can denature enzymes on cell surfaces and lower the 
cytoplasmic pH by increasing the proton permeability when the pH gradient is huge. The cells’ 
replicative activity has been found to decrease linearly with the decreasing intracellular pH. 
Especially for the xylose fermentations, cells are particularly sensitive to acetic acid and low pH 
conditions,  due to a lower rate of production of ATP with this sugar (24-26). Thus,  the optimal 
external pH for growth and fermentation of S. cerevisiae is usually ranging from 3.5 to 6.0 (21-
23, 27). 
Ultimately, S. cerevisiae must have three essential qualifications to overcome the current 
challenges from the lignocellulosic hydrolysates and provide an efficient fermentation. They 
include (i) the capability to metabolize both hexose and pentose sugars, (ii) efficient (yield) and 
fast (productivity) biofuel or chemical production, and (iii) high resistance to environmental 
stresses and fermentation inhibitors. 
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1.4 Selection and challenges of engineering the robust host strain 
Amongst S. cerevisiae spp., there exist thousands of natural or genetically modified strains, 
many of which are known as industrial strains. In general, industrial yeast strains exhibited 
attractive phenotypes, such as a wider range of optimal growth temperatures, higher tolerance 
towards fermentation inhibitors, higher ethanol productivities, faster sugars consumption rate, 
and so forth, when compared with the laboratory yeast strains. The industrial strains possess their 
desired traits and distinctive characteristics through the long-term evolutionary adaptation in 
nature or industry, which allows them to be able a potential robust host strain to withstand 
extreme environmental conditions (28-30). Despite the advantages of industrial strains, they are 
not often well-characterized.  These strains can be difficult to introduce specific designed genetic 
perturbation due to their complex genomes such as aneuploidy, polyploidy, or chromosomal 
rearrangement. (31-37). Genetic modification such as gene insertions, deletions, and point 
mutations encountered difficulties in S. cerevisiae strains, due to the industrial strains contain 
multiple sets of chromosomes, limited available antibiotics markers, and lack of auxotrophic 
markers. Moreover, CRISPR-Cas9 genome editing technology (38, 39) is still limited due to the 
challenges associated with a significant number of heterozygosity presents in the genome 
sequences. Therefore, the superior industrial yeast hosts with the desired phenotypes must be 
selected, and they should be amenable to further strain improvement by metabolic engineering.  
 
 
1.5 Research objectives 
The long-term goal of my Ph.D. study was to develop superior industrial yeast strains host 
with desirable phenotypes for lignocellulosic hydrolysates fermentation. To achieve this goal, 21 
industrial strains were first selected and evaluated by their capability towards industrial-relevant 
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stresses, such as their tolerances against varies pH, organic acids, fermentation inhibitors, high 
temperature, high osmolality, and several other measurements. Once a robust industrial strain 
host was selected, isolation of a stable haploid with genetic tractable and desirable traits was 
demonstrated. This isolated haploid was developed to be easier for genetic manipulation and 
further strain optimization, such as efficient xylose fermentation and ability to tolerate the 
fermentation inhibitors in lignocellulosic hydrolysates.  
Once sugar utilization range was increased in the engineered strain, their tolerances toward 
lignocellulosic hydrolysates were the second motivation. Acetic acid is an abundant byproduct in 
the lignocellulosic hydrolysates, and high concertation of organic acid will hinder the growth of 
microorganisms once the pH is below their pKa values. The previous study demonstrated the 
conversion of unwanted acetic acid into ethanol by an acetate reduction pathway, which allows 
in situ detoxification of acetic acid. By simultaneous consumption of xylose and acetic acid, the 
ethanol yield was increased and fermentation byproducts yields were reduced.  However, the 
acetate reduction pathway was not fully optimized, and the optimization of the acetic acid 
reduction pathway was conducted by increasing the enzyme activities of key enzymes in the 
pathway.  Lastly, the improved acetate reduction pathway was also introduced into the 
engineered industrial haploid with the xylose fermentation pathway, and the resulting strain 
demonstrated in situ detoxification of acetic acid with increased ethanol yield.  
Furthermore, the engineered industrial haploid strain was subjected to evolutionary 
engineering to enhance its fitness under minimal media, the condition where acidification of the 
media often occurs. The pH of the media always dropped to 2.5, which severely affects the 
xylose fermentation rate. An evolved strain was developed after evolutionary engineering, and a 
new deletion target was identified for improving the lower pH resistances. Therefore, the final 
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chapter of my study was to investigate the role of this uncharacterized yeast protein. By 
achieving all these goals, robust industrial strains with effective fermentation rate under low pH, 
or with the capability to in situ detoxification of acetic acid were developed.  
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1.6 Figures 
 
 
 
 
 
 
 
 
 
 
Figure 1.1. The fungal (A) and bacterial (B) xylose-assimilating pathways. 
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Figure 1.2. Degraded products from lignocellulose biomass during the dilute-acid pretreatment. 
Red arrows represent undesired products was generated.  
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Figure 1.3. The schematic view of inhibition mechanisms inside the cell from the lignocellulosic 
hydrolysates inhibitors.  
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2.1 Introduction 
Yeasts have served many important industrial purposes for humans over thousands of 
years. Specifically, the Saccharomyces cerevisiae yeast species has acted as the primary species 
to produce wine, beer, and bread (1). Although the production of baked goods and fermented 
foods or beverages has historically been the major industrial application for S. cerevisiae, new 
avenues of yeast fermentation capabilities were discovered in recent decades. These new avenues 
are due in part to rapid and significant advances in our understanding of yeast genetics and 
physiology (2). Through our improved understanding of yeast hardiness and functions, we have 
exploited the robustness of S. cerevisiae to produce various value-added chemicals and fuels. 
Industrial strains of S. cerevisiae are known to have higher tolerances against harsh industrial 
environments, such as lower pH, fermentation inhibitors, osmolality, and higher temperature. 
With these desired phenotypes of industrial strains, it is feasible to have an improved engineered 
industrial strain for sustainable biofuel or biochemical production from lignocellulosic 
hydrolysates.  
Although several microbial species are used for industrial production of value-added 
products, yeasts are perhaps the most well-studied. Yeasts can natively ferment glucose for the 
production of ethanol, and this capability has been used for wine production for thousands of 
years (3, 4). In recent decades, the yeast S. cerevisiae has been utilized extensively for biofuel 
production (5). The majority of bioethanol produced by S. cerevisiae is from the fermentation of 
sugarcane or corn-derived glucose (6). Although industrial yeast fermentation has resulted in the 
annual production of more than 50 billion liters ethanol production in the US alone, the 
availability of corn and sugarcane is a limiting step in using biofuels as a total replacement for 
fossil fuels (7). Therefore, abundant lignocellulosic crops are considered as feasible alternative 
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feedstocks for production of bio-based fuels and chemicals (8). Although S. cerevisiae is well-
studied with many genetic manipulation tools available, it does not efficiently produce fuels and 
chemicals from processed lignocellulosic hydrolysates due to the harsh environment present in 
the hydrolysate. Specifically, the low pH of lignocellulosic hydrolysates coupled with the 
presence of many known and unknown fermentation inhibitors act as major hurdles to efficiently 
produce fuels and chemicals by engineered S. cerevisiae (9, 10). In general, the inhibitory effects 
of lignocellulosic hydrolysates are not well understood. Several attempts to overcome 
lignocellulosic hydrolysate toxicity were not successful, and this may be due to inhibition of 
desired yeast phenotypes caused by the fermentation conditions and that the strains are lacking 
resistance toward the inhibitors’ toxicity (11). One possible solution is to modify the 
pretreatment process of lignocellulosic hydrolysate to reduce the inhibitors or to balance the pH. 
However, this solution can result in reduced fermentable sugar availability (12) or increased 
production costs (13). 
Owed to these hurdles, it is necessary to develop an engineered microbe from a parental 
strain which is natively resistant to the many fermentation inhibitors present in hydrolysates to 
efficiently ferment lignocellulosic hydrolysates (14). In particular, laboratory strains are 
generally regarded as possessing lowered tolerance to fermentation inhibitors as compared to 
industrial yeast strains and therefore industrial strains may be ideal for producing fuels and 
chemicals from lignocellulosic hydrolysates (15). However, there are various yeast strains from 
nature or industrial environments, which they have varying levels of tolerances and fermentation 
profiles. It is challenging and time-consuming to select and characterize the best strains for their 
resistances toward common fermentation inhibitors present in lignocellulosic hydrolysates such 
as hydroxymethylfurfural (HMF), furfural, and acetate. With this in mind, setting up a dataset of 
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industrial strains for their characteristic and tolerances under certain industrial conditions was 
conducted in this study. This dataset will be useful for selecting the best strain candidate for a 
specific industrial fermentation process. Here, we have selected 21 Saccharomyces cerevisiae 
yeast strains which are publicly available from the American Type Culture Collection (ATCC) 
and screened each strain to compare their fermentation phenotypes in a variety of conditions.  
 
2.2 Materials and methods 
2.2.1 Industrial strain backgrounds 
All Saccharomyces cerevisiae strains were obtained from the American Type Culture 
Collection (ATCC). In total, 21 strains were selected. A list containing the ATCC nomenclature 
for each strain, the original isolation source of the strain, and a representative literature citation 
for each strain is shown in Table 2.1. 
 
2.2.2 General flask fermentations 
 Yeast cells were cultured in YP medium (10 g/L yeast extract and 20 g/L peptone) 
containing glucose (YPD), xylose (YPX), cellobiose (YPC), maltose, mannose, or sucrose. 
Concentrations of the sugars were displayed as numbers following their initials (e.g., YPD160, 
YP medium containing 160 g/L of glucose). Stock cultures were maintained on YPD20 agar (YP 
medium containing 20 g/L of glucose) plates at 4 °C. Yeast precultures were grown in 5mL 
YPD20 and harvested at mid-exponential phase. Fermentations were conducted with an initial 
cell optical density (OD600 ) ~ 1.0 and at the volume of 50 mL in 250 mL Erlenmeyer Pyrex® 
flasks (Corning, MA). Flasks were shaken at 100 RPM on an Innova 2300 shaker (New 
Brunswick Scientific, CT) in a 30 °C incubation room. Optical density was measured via 
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NanoDrop 200C (Thermo Fisher Scientific, MA) or BioMate 3 UV-visible spectrophotometer 
(Thermo Fisher Scientific, MA). Metabolite concentrations such as glucose, xylose, cellobiose, 
xylitol, glycerol, acetate, and ethanol were monitored by a 1200 Infinity series HPLC system 
(Agilent Technologies, CA) equipped with a refractive index detector using a Rezex ROA-
Organic Acid H+ (8%) column (Phenomenex Inc., CA). The column was eluted with 0.005 N 
H2SO4 at a flow rate of 0.6 mL/min at 50 °C. 
 
2.2.3 The construction and evaluation of xylose-fermenting strains 
 The pSR6-X123 plasmid (16) containing Scheffersomyces stipitis XYL1, XYL2, and XYL3 
genes was linearized by XcmI digestion and introduced into the URA3 locus of all industrial 
yeast strains to allow for xylose utilization. A standard high-efficiency lithium acetate 
transformation method was used for chromosomal introduction of the linearized plasmid (17). 
The colonies with xylose assimilation pathway were selected on YP medium with 40 g/L xylose 
(YPX40) agar plates. Eight successful transformants of each strain were evaluated in 5 mL 
culture of YPX40 at 30 °C. The transformant from each strain with the highest xylose uptake rate 
and ethanol productivity was selected for further study. Comparisons between selected 
transformants of each strain were conducted in 50 mL YPX40 following the protocol as listed in 
Section 2.2.2 with the exception that xylose was used as the carbon source in place of glucose.  
 
2.2.4 The construction and evaluation of cellobiose-fermenting strains 
 The pRS425-BTT plasmid (18) containing Neurospora crassa β-glucosidase (gh1-1) and 
cellodextrin transporter (cdt-1) genes was linearized and introduced into all industrial yeast 
strains to allow for cellobiose utilization. Several transformants of each strain were screened in 5 
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mL of YP medium containing 40 g/L of cellobiose (YPC40) at 30 °C. The transformant from 
each strain with the highest cellobiose uptake rate and ethanol productivity was selected for 
further study. Comparisons between selected transformants of each strain were conducted in 50 
mL YPC40, following the protocol as listed in Section 2.2.2 with the exception that cellobiose 
was used as the carbon source in place of glucose.  
 
2.2.5 Gas pressure analysis 
 Strains were evaluated for their gas pressure production in sealed glass bottles, with a 
higher gas pressure indicative of higher CO2 production and in-turn higher ethanol production. 
Jars with a maximum volume of 100 mL were filled with 20 mL of either YP medium containing 
20 g/L of glucose, YP medium containing 20 g/L of glucose and 25 % hydrolysate, or Verduyn’s 
(19) medium with 20 g/L of glucose and 0.628 g/L of complete supplement mixture (MP 
Biomedicals). The initial pH value of each medium was adjusted to 6. The fermentation bottles 
were shaken at 100 RPM on an Innova 2300 shaker (New Brunswick Scientific, CT) in a 30 °C 
incubation room. Cell optical density (OD600) was measured as discussed in Section 2.2.2 and 
the initial OD600 was 1.0. Gas pressure was monitored with RF gas production modules 
(ANKOM Technology, NY) as pounds per square inch every 5 minutes. 
 
2.2.6 Growth assays under various pH levels 
OD600 were monitored for determining the cell growth in YP medium containing 20 g/L 
of glucose with an initial pH adjusted to 4.5, 5.0, 5.5, 6.0, or 6.5. A 200 µL initial volume of 
medium was placed into individual wells of Costar 96-well flat-bottom polystyrene plates with 
lids placed on top (Corning, MA). The initial OD600 was 1.0, and microplates were incubated at 
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30 °C and 200 RPM in a Symphony incubating microplate shaker (VWR, PA). An aliquot of 50 
µL of mineral oil was placed on top of each well to prevent media evaporation. BioTek’s 
Synergy HT plate reader (Biotek, Winooski, VT) was used to measure the OD600. 
 
2.2.7 Tolerance assays 
 Precultures of S. cerevisiae strains were grown at 30 °C in YPD20. Cells were harvested 
at the mid-exponential phase and adjusted to an initial OD600 of 1.0 for further use. Ten-fold 
serial dilutions were made in water, 10 µL of the 10-1, 10-2, 10-3, 10-4, 10-5, and 10-6 dilutions 
were spotted on YPD20 agar plates. The agar plates included the following: YPD20 plates 
incubated at 30 °C, 37 °C, 42 °C and 45 °C for heat tolerance; YPD20 plates with inhibitors, 2 
g/L of hydroxymethylfurfural (HMF), 1 g/L of furfural, or 20 % hydrolysates at 30 °C for 
inhibitor tolerance; and YPD20 medium containing 1 g/L, 2 g/L, or 3 g/L of acetate at 30 °C for 
organic acid tolerance. Pictures of the spotting assay were taken at 48 h.  
 
2.2.8 Relative genome content and ploidy analysis by flow cytometry  
Precultures of S. cerevisiae strains were grown at 30 °C in YP medium containing 20 g/L 
of glucose (YPD20) and harvested at mid-exponential phase. Cells were collected once they 
reached to OD600 ~1.0. Samples were then prepared as previously described (20) for flow 
cytometry. Briefly, cells were first fixed and permeabilized with cold 70 % ethanol, and then 
washed with sodium citrate containing RNaseA. SYTOX® Green dye (Life Technologies) was 
used to stain the nucleic acid. The DNA contents of the stained cells were analyzed and detected 
by the excitation and emission spectra of the SYTOX green/DNA complex using an LSR II Flow 
Cytometry Analyzer (BD Biosciences, CA). The absolute ploidy of the industrial strains was 
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estimated by comparing its DNA content to the control strains, the known haploid, diploid, 
triploid, and tetraploid laboratory strains, L6437, L6438, L6439, and L6440, respectively, from 
Gerald Fink’s Lab (21). 
 
2.2.9 Mating-type test 
 A halo assay based on yeast pheromone response was used to determine strain mating-
type (22).  Mating type tester strains (DBY7730 for MATα and DBY7442 for MATa) (23) were 
first spread on YPD 20 g/L agar plates. Each industrial strain was then spotted on the lawn of 
each tester strain, and the plates were incubated overnight. The presence of a halo around a strain 
spot was used to score its mating type.  
 
2.2.10 Sporulation efficiency determination 
 A single colony of each strain was obtained from YPD20 plates. The colonies were then 
cultured in the sporulation medium (1 % potassium acetate, 0.1 % yeast extract, 0.05 % glucose, 
and 2 % agar). Cell division and sporulation occurred within 3 – 7 days and their sporulation 
efficiency were evaluated by the population of the tetrads.  
 
2.2.11 Heat map 
A heat-map was used to summarize the performances of a specific test. No growth was 
scaled at -3. Any performance that was 10 % lower than the ATCC 4124 control strain was 
scaled at -2. Performance 5-10 % lower was scaled at -1, performance within 5 % lower or 
higher was scaled at 0, performance 5 % higher was scaled +1, and performance greater than 
10 % higher was scaled at +2. 
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2.3 Results  
2.3.1 Phenotypic characterization of the industrial strains under common, industrially 
relevant stressors 
 Osmotic stress is one of the common environmental stressors that yeasts encounter in the 
industrial-scale fermentation environment. Therefore, twenty industrial strains were selected and 
compared with a laboratory strain (D452-2) and an industrial strain (ATCC 4124) due to its well-
known characteristic for lignocellulosic fermentation (24-26). They were evaluated for their 
tolerance against a high ethanol concentration from the high glucose fermentation (160 g/L), 
which is comparable to the total sugar content that would be present in sugar cane juice and plant 
hydrolysates (27). As expected at 12 h, all industrial strains outperformed the laboratory strain, 
D452-2. Other industrial strains consumed glucose rapidly and performed similarly to ATCC 
4124. When comparing the ethanol productivity and ethanol yield, ATCC 4098 (Jin 02), ATCC 
56069 (Jin 18), ATCC 60493 (Jin 21), and ATCC 66348 (Jin 24) showed a better ethanol 
productivity and ethanol yield as compared with ATCC 4124 (Jin 03) (Fig. 2.1; Table 2.2).  
 Fermentation inhibitors and acetic acid are commonly found in lignocellulosic 
hydrolysates (10), and they limit the cell growth and viability. Therefore, growth assays on agar 
plates with supplementation of fermentation inhibitors, acetic acid, or lignocellulosic 
hydrolysates were used to test the tolerance against fermentation inhibitors. Also, agar plates 
were incubated at elevated temperature (30 °C, 37 °C, 42 °C, and 45 °C) to test their heat 
tolerance (Fig. 2.3). The high temperature is also one of the general stress in an industrial-scale 
environment. As a result, ATCC 9763 (Jin 09), ATCC 24858 (Jin 13), ATCC 46523 (Jin 17), 
ATCC 66348 (Jin 24), and ATCC 96581 (Jin 26) showed better heat tolerance as compared with 
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ATCC 4124. However, all the strains could not tolerate elevated temperature at 42 °C and 45 °C, 
and the data were not shown. For the acetic acid tolerance, ATCC 9763 (Jin 09), ATCC 24858 
(Jin 13), JIN 46523 (Jin 17), and ATCC 66348 (Jin 24) showed better tolerance against organic 
acid when compared with ATCC 4124 (Fig. 2.4). Lastly, only ATCC 66348 (Jin 24) and ATCC 
96581 (Jin 26) showed a greater tolerance against hydrolysates and fermentation inhibitors 
among all the strains (Fig. 2.1, 2.4).  
A low pH resistant strain is beneficial for an industrial setting because low pH combined 
with organic acid will severely inhibit the growth and metabolisms of the cells. Therefore, the 
performance of the industrial strains was also tested under various pH values. The results showed 
that ATCC 4127 (Jin 05), ATCC 9763 (Jin 09), ATCC 46523 (Jin 17), ATCC 56069 (Jin 18), 
and ATCC 66348 (Jin 24) have a higher tolerance than other industrial strains and ATCC 4124 
(Jin 03) (Fig. 2.1). Combining all findings, ATCC 9763 (Jin 09), ATCC 46523 (Jin 17) and 
ATCC 66348 (Jin 24) could be preferential strains for industrial lignocellulosic hydrolysate 
fermentations. 
 
2.3.2 Determination of the ploidy and the sporulation efficiency of industrial yeast strains 
 It is challenging to introduce genetic perturbations into industrial yeasts due in part to 
their complex genome structure, such as aneuploidy, polyploidy, or another chromosomal 
rearrangement (28-33). It could be easier to manipulate the haploid strain than a diploid, or even 
a triploid. Therefore, the ploidy of the industrial strains was estimated by the relative DNA 
content measured by flow cytometry, and the selected haploid was confirmed with a mating type 
test. Among all the industrial strains (Fig. 2.2), ATCC 60222 (Jin 19) and ATCC 60223 (Jin 20) 
have the highest relative DNA content, which correlates with the higher number of ploidy. 
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ATCC 20598 (Jin 11) was believed to be a haploid with MATa, after the mating type test 
confirmation, and lower relative DNA content was measured. Therefore, it would be easier to 
choose ATCC 20598 (Jin 11) for further genetic manipulation. Previous results suggested ATCC 
9763 (Jin 09), ATCC 46523 (Jin 17) and ATCC 66348 (Jin 24) as good candidates for 
lignocellulosic fermentation, but their ploidy is believed to be diploid or triploid based on the 
relative DNA number, causing the strains to be more difficult to have further genetic 
manipulation. 
 Mating, sporulation, and isolation of haploids are one of the alternative ways to modify 
yeasts to achieve certain desired phenotypes. The anticipated phenotypes of polyploidy industrial 
strains could be hybridized with another industrial strain once a pool of spores (haploid) was 
generated after sporulation (34). Crossbreeding could be done by mating the spores (haploid) 
with the opposite mating type. Sporulation efficiency is used to measure the ratio of tetrads 
produced by the strain. It is the first step to evaluate the feasibility of a strain for mating 
experiments and to measure the ratio of tetrads produced by strain. When the cells are cultivated 
in sporulation medium with limiting nutrients for 5 - 7 days, yeast cells will start to sporulate as a 
response to nutrient deprivation and stress. Among all the industrial strains, ATCC 9763 (Jin 09), 
ATCC 46523 (Jin 17), and ATCC 6022 (Jin 20) had the highest sporulation efficiency (Table 
2.3), and these three strains could be used for mating and crossbreeding experiments. However, 
the ATCC 66348 (Jin 24) has lower sporulation efficiency, leading to the complication of 
manipulating this strain. Lastly, ATCC 9763 (Jin 09) and ATCC 46523 (Jin 17) could be 
considered as the next preferable host strains for further strain engineering due to its high 
sporulation efficiently and reduced ploidy in the genome.  
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2.3.3 Evaluation of the newly-constructed, xylose-fermenting industrial yeast strains 
 It is important to have an efficient xylose-fermenting strain to ferment xylose because 
xylose is the second most abundant sugar found in lignocellulosic hydrolysates. To examine the 
effect of different strains background on the efficiency of xylose fermentation, all the strains 
were engineered with the xylose pathway (XR, XDH, and XK encoded by XYL1, XYL2, and 
XYL3, respectively), because S. cerevisiae cannot metabolize xylose naturally. ATCC 4124 (Jin 
03) was known to have an efficient xylose fermentation after strain engineering from the 
previous studies (24-26). Therefore, the industrial strains constructed with the xylose pathway 
were compared with ATCC 4124 (Jin 03) with the xylose pathway. First, eight transformants 
were selected and screened in 5 mL YPX40. The final list of the best xylose-fermenting strains 
was summarized in Fig. 2.1 and Table 2.4. All of the transformants were labeled, such as (Jin 03 
– 02), referring to the #2 colony of ATCC 4124 (Jin 03) strain, (Jin 18 – 01) referred to the #1 
colony of ATCC 56069 (Jin 18), and so forth. Overall, only the transformants from ATCC 4127 
(Jin 05 – 08), ATCC 56069 (Jin18 - 01), and ATCC 66348 (Jin 24 - 11) were found to consume 
xylose and produce ethanol more efficiently than the transformant from ATCC 4124 (Jin 03 - 02) 
at 72h. Also, ATCC 20598 (Jin 11) and ATCC 96581 (Jin 26) failed to assimilate xylose. Even 
though ATCC 20598 (Jin 11) is a haploid and presumably more amenable to manipulation, but it 
failed to ferment the xylose, possibly due to lack of strain fitness or other complex genetic 
problems. Combining with the previous results, ATCC 66348 (Jin 24) exhibited the most 
desirable phenotypes for lignocellulosic hydrolysates fermentations, which included the 
tolerances against fermentation inhibitors and higher xylose assimilation rate. However, it will be 
still challenging to work with ATCC 66348 (Jin 24) due to its ploidy and low sporulation 
efficiency.  
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2.3.4 Evaluation of the newly-constructed, cellobiose-fermenting industrial yeast strains  
 Cellobiose is commonly found in cellulose, galactan, and red seaweed after hydrolysis. 
However, yeast cannot naturally metabolize cellobiose. Previous studies reported a high-affinity 
cellodextrin transporter (cdt-1) and an intracellular β-glucosidase (gh1-1) from Neurospora 
crassa was introduced into S. cerevisiae strains, and the resulting strains were able to ferment 
cellobiose efficiently (35). In addition, cellobiose and xylose could be co-fermented 
simultaneously without glucose suppression from the sequential fermentation of glucose first and 
xylose second, because glucose was hydrolyzed intracellularly (18). With all the benefits of 
cellobiose fermentation, the cellobiose pathway was introduced into the industrial strains. 
However, only a few transformants were obtained, and only the transformants from ATCC 4124 
(Jin 03), ATCC 9763 (Jin 09), and ATCC 24858 (Jin 13) were able to ferment cellobiose 
efficiently (Fig. 2.1; Table 2.5). When compared with the transformant of ATCC 4124 (Jin 03) 
at 37 h, only the transformant from ATCC 9763 (Jin 09) was comparable. The others were either 
not able to metabolize cellobiose or grew poorly. Combing the results, ATCC 9763 (Jin 09) has 
the most desirable phenotypes for cellobiose fermentation and tolerances against high 
temperatures, fermentation inhibitors, and organic acids.  
 
2.3.5 Phenotyping the industrial strains under minimal media using the gas pressure 
analysis 
 Strains were evaluated for their gas pressure production in sealed glass bottles, with a 
higher gas pressure indicative of higher CO2 production and in-turn higher ethanol production. 
The yeast strains were grown in YP medium containing 20 g/L of glucose, YP medium 
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containing 20 g/L of glucose and 25 % hydrolysate, or Verduyn’s (19) medium with 20 g/L of 
glucose and 0.628 g/L of complete supplement mixture (MP Biomedicals) to compare the 
industrial strains’ behavior among different media composition. Once the fermentation started in 
a sealed bottle, the attached RF gas production modules (ANKOM Technology, NY) would 
monitor the gas production as pounds per square inch every 5 minutes. For the YPD20 with 25 % 
hydrolysate (Fig. 2.1), ATCC 60493 (Jin 21) produced a higher concentration of CO2, which 
correlate with higher ethanol production when compared with ATCC 4124 (Jin 03) strain, while 
there are no significant differences among strains in the YPD20 condition. The industrials strains 
ATCC 2360 (Jin 01), ATCC 4127 (Jin 05), ATCC 7754 (Jin 08), ATCC 24858 (Jin 13), ATCC 
38544 (Jin 16), ATCC 46523 (Jin 17), ATCC 56069 (Jin 18), ATCC 60222 (Jin 19) and ATCC 
60493 (Jin 21) all performed better than ATCC 4124 (Jin 03) in Verduyn’s medium. These 
results suggested most of the industrial strain preferred the growth conditions in Verdyn’s 
medium.  
 Taking into account the relative performances of the strains regarding low pH tolerance, 
fermentation inhibitor resistance, and xylose fermentation rates, we narrowed down five 
industrial strains and ATCC 4124 (Jin 03) to conduct further experiments. The selected strains 
are ATCC 9763 (Jin 09), ATCC 24858 (Jin 13), ATCC 46523 (Jin 17), ATCC 56069 (Jin 18), 
and ATCC 66348 (Jin 24). Synthetic complete minimal medium with and without CSM 
(Complete Supplement Mixture, MP Biomedicals) was used to evaluate the strains (Fig. 2.6), 
and all the selected industrial strains except ATCC 56069 (Jin 18) outperformed the ATCC 4124 
(Jin 03). Under the nutrient-limiting medium (SC minimal medium), ATCC 24848 (Jin 13) and 
ATCC 6648 (Jin 24) had the highest CO2 production as compared with other industrial strains, 
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suggesting that these two strains required fewer nutrients for optimal growth and ethanol 
production. ATCC 56069 (Jin 18) was the worse strain in the minimal medium.  
 
2.3.6 Assimilation of other sugars  
 Mannose, maltose, and sucrose utilization are also interesting to certain industry. 
Mannose is a sugar hydrolyzed from plant hemicellulose and seaweed, maltose is a disaccharides 
breakdown product from starch, and sucrose found in from sugarcane juice. To expand the 
feasibility of our selected strains and utilize a variety of sources for the substrates (sugars), we 
examined the fermentation capability of the yeast strains by measuring their ethanol production 
rate and specific growth rate at YP medium with mannose 100 g/L, maltose 100 g/L, or sucrose 
100 g/L. When compared with ATCC 4124 (Jin 03) (Fig. 2.6), ATCC 46523 (Jin 17) has the 
highest specific growth rate under both mannose and maltose conditions. Both ATCC 56069 (Jin 
18) and ATCC 66348 (Jin 24) have a higher specific growth rate in the sucrose condition. In 
terms of ethanol productivities, ATCC 46523 (Jin 17), and ATCC 66348 (Jin 24) are worse 
performing than ATCC 4124 (Jin 03) under the sucrose condition. ATCC 24858 (Jin 13) and 
ATCC 56069 (Jin 18) are worse than ATCC 4124 (Jin 03) under the mannose condition, with 
only ATCC 66348 (Jin 24) being slightly better. Under the maltose condition, ATCC 56069 (Jin 
18) and ATCC 66348 (Jin 24) were not able to consume maltose, and no ethanol was produced. 
ATCC 24858 (Jin 13) was slightly better than ATCC 4124 (Jin 03) under the maltose condition.   
  
2.4 Discussion 
In broad terms, Saccharomyces cerevisiae can be divided up into two major categories, 
industrial or laboratory strains. As the name implies, industrial yeast strains are considered as 
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such due to their ability to resist harsh industrial fermentation conditions, which includes 
fermentation inhibitor-laden lignocellulosic hydrolysates. However, industrial yeasts are 
polyploid strains in many cases, whereas laboratory yeasts are most commonly haploid strains 
(2, 36). While the increased ploidy can aid the resistance of the yeast strain to fermentation 
conditions, but can also increase the difficulty of introducing targeted genetic perturbations. 
Fortunately, with the recent development of the CRISPR/Cas9 gene editing system, engineering 
polyploid yeast strains has become increasingly less laborious and easier as compared with 
traditional methods (37). With the CRISPR/Cas9 system in mind, identifying the phenotypic 
characteristics of industrial yeast strains would be beneficial, and superior strains could be 
achievable shortly with the recent developments.   
In this study, a detailed review and analysis of 21 industrial Saccharomyces cerevisiae 
yeast strains were conducted. Compared to the control strain ATCC 4124 (JIN 03), several 
strains appeared to excel in three conditions amenable to lignocellulosic hydrolysate 
fermentations: a rapid xylose fermentation rate, resistances under low pH conditions, and 
tolerances against fermentation inhibitors. Of the 21 industrial yeast strains in this study, five 
strains (ATCC numbers 4127, 4921, 56069, 60222, and 60223) have no peer-reviewed literature 
citing the ATCC nomenclature, and to our knowledge, have not been used in any major 
laboratory- or industrial-scale studies. Despite this, these five strains also did not have any 
significantly desired phenotypes compared to the highly-studied ATCC 4124 control strain.  
Several interesting trends appeared at the end of the screening process. We observed that 
only three strains (ATCC 56069, 60493, and 66348) were able to exceed the ethanol 
productivities of the ATCC 4124 (Jin 03) control strain in high concentrations of glucose (160 
g/L). This result suggests that some industrial strains are considerably high osmotolerant and 
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resistant to a higher concentration of ethanol, whereas many other industrial yeasts do not have 
this tolerance phenotype, and our dataset screened out three strains that are better than the ATCC 
4124 strain. In addition, we also observed that some strains were affected by higher temperature 
(37 °C) fermentation than that of the control, suggesting some industrial strains are relatively 
more sensitive to elevated temperature than others. Regarding the fermentation inhibitors 
commonly found in lignocellulosic hydrolysates, such as acetic acid, furfural, and 
hydroxymethylfurfural (HMF), most strains were as tolerant as the ATCC 4124 control. 
Interestingly, ATCC 9763 (Jin 09), ATCC 24858 (Jin 13), and ATCC 46523 (Jin 17) grew more 
rapidly than the control in the presence of these inhibitors, suggesting that they may be 
preferential strains for industrial lignocellulosic hydrolysate fermentations. 
It was reported that most industrial strains are diploid, aneuploid, and occasionally 
polyploid (28-33). As expected, only one industrial strain in this study was confirmed to be 
haploid, while the other strains are neither diploid or polyploid. Further experiments need to be 
conducted to conclude its actual ploidy. Many studies suggested that the ploidy and the 
resistances toward the environmental stresses are correlated. However, we do not see the 
correlation in our results. The best-selected strains in this study do not contain the highest 
predicted ploidy. The strains with the highest ploidy ATCC 60222 (Jin 19) and ATCC 60223 (Jin 
20) performed worse than other industrial strains in most conditions in this study.   
In terms of xylose fermentation capability, most transformants from other industrials trains 
expressing the xylose fermentation pathway performed comparably to the control ATCC 4124 
strain after a heterologous xylose fermentation pathway consisting of XYL1, XYL2, and XYL3 
was introduced into the industrial strains. Interestingly, transformants from ATCC 4127 (Jin 05), 
ATCC 56069 (Jin 18), and ATCC 66348 (Jin 24) were found to more rapidly ferment xylose and 
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produce ethanol than the ATCC 4124 control. On the other hand, most of the transformants 
expressing the cellobiose fermentation pathway performed similarly or worse than ATCC 4124 
(Jin 03). Taking into account the relative performances of the strains in terms of low pH 
tolerance, fermentation inhibitor resistance, and xylose fermentation rates, we identified ATCC 
66348 (Jin24) as the overall top-performing best strain to conduct further experiments or genetic 
improvements for the efficient bioconversion of lignocellulosic hydrolysates.  
 
2.5 Conclusions 
Collectively, this study has provided a useful dataset to refer to when choosing an 
industrial Saccharomyces cerevisiae for unique fermentation purposes. This study builds on 
previous studies which have also aimed to evaluate a variety of industrial yeast strains with the 
intent to improve the available dataset of industrial yeast phenotypes (15, 38). Selecting the best 
host for lignocellulosic hydrolysates is one of the motivations in this study, and ATCC 66348 
(Jin 24) originally isolated from Japanese soil was chosen as the best overall candidate for future 
lignocellulosic hydrolysate studies.  
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2.6 Tables 
 
 
Table 2.1. Listing of all 21 industrial S. cerevisiae strains which were screened in this study, 
along with their associated ATCC number, their origin of isolation, and a relevant reference if 
available. 
Code name ATCC Number Isolation Origin Reference(s) 
JIN 01 or J1 ATCC 2360 Kefir (39) 
JIN 02 or J2 ATCC 4098 German white wine (40) 
JIN 03 or J3 ATCC 4124 Molasses distillery (41) 
JIN 04 or J4 ATCC 4126 Amylo process (42) 
JIN 05 or J5 ATCC 4127 American Concord grapes N/A 
JIN 06 or J6 ATCC 4921 French wine N/A 
JIN 08 or J8 ATCC 7754 Fleischmann bakers’ yeast (43) 
JIN 09 or J9 ATCC 9763 Distillery (44) 
JIN 11 or J11 ATCC 20598 N/A (45) 
JIN 12 or J12 ATCC 24855 Egyptian distillery (46) (47) 
JIN 13 or J13 ATCC 24858 N/A (46) (47) 
JIN 14 or J14 ATCC 24860 N/A (48) 
JIN 15 or J15 ATCC 26422 Sake (49) 
JIN 17 or J17 ATCC 46523 Baker’s yeast (50) 
JIN 18 or J18 ATCC 56069 Fermented banana N/A 
JIN 19 or J19 ATCC 60222 Egyptian baker’s yeast N/A 
JIN 20 or J20 ATCC 60223 Alsa Briochin bakers’ yeast N/A 
JIN 21 or J21 ATCC 60493 Canned strawberries (51) 
JIN 24 or J24 ATCC 66348 Japanese soil (52) 
JIN 25 or J25 ATCC 66349 Japanese soil (52) 
JIN 26 or J26 ATCC 96581 Spent sulfite liquor fermentation (53) 
 
  
38 
 
 
 
 
 
Table 2.2. Fermentation data in YP medium with 160 g/L of glucose. The produced ethanol 
(g/L), the ethanol yield, and the ethanol productivities at 12 h were listed in this table. 
Code 
Name Strains 
Ethanol 
Produced 
(g/L) 
Ethanol 
Yield  
(g/g) 
Ethanol 
Productivity 
(g/L/h) 
Jin01 ATCC 2360 53.606 0.431 4.467 
Jin02 ATCC 4098 58.452 0.423 4.871 
Jin03 ATCC 4124 55.746 0.400 4.645 
Jin04 ATCC 4126 50.107 0.418 4.176 
Jin05 ATCC 4127 57.015 0.410 4.751 
Jin06 ATCC 4921 51.870 0.421 4.323 
Jin08 ATCC 7754 57.645 0.427 4.804 
Jin09 ATCC 9763 50.468 0.418 4.206 
Jin11 ATCC 20598 48.097 0.418 4.008 
Jin12 ATCC 24855 47.401 0.406 3.950 
Jin13 ATCC 24858 48.647 0.400 4.054 
Jin14 ATCC 24860 50.576 0.407 4.215 
Jin15 ATCC 26422 43.300 0.404 3.608 
Jin17 ATCC 46523 46.969 0.419 3.914 
Jin18 ATCC 56069 62.944 0.423 5.245 
Jin19 ATCC 60222 57.956 0.413 4.830 
Jin20 ATCC 60223 50.250 0.408 4.188 
Jin21 ATCC 60493 59.631 0.407 4.969 
Jin24 ATCC 66348 62.655 0.414 5.221 
Jin25 ATCC 66349 57.541 0.408 4.795 
Jin26 ATCC 96581 43.154 0.416 3.596 
 D452-2 29.811 0.415 2.484 
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Table 2.3. Sporulation efficiency of each industrial strains 
 
Code 
Name Strains 
Sporulation 
Efficiency 
JIN 01 ATCC 2360 + 
JIN 02 ATCC 4098 + 
JIN 03 ATCC 4124 + 
JIN 04 ATCC 4126 ++ 
JIN 05 ATCC 4127 + 
JIN 06 ATCC 4921 + 
JIN 08 ATCC 7754 ++ 
JIN 09 ATCC 9763 +++ 
JIN 11 ATCC 20598 - 
JIN 12 ATCC 24855 ++ 
JIN 13 ATCC 24858 ++ 
JIN 14 ATCC 24860 + 
JIN 15 ATCC 26422 + 
JIN 17 ATCC 46523 +++ 
JIN 18 ATCC 56069 + 
JIN 19 ATCC 60222 +++ 
JIN 20 ATCC 60223 +++ 
JIN 21 ATCC 60493 + 
JIN 24 ATCC 66348 + 
JIN 25 ATCC 66349 ++ 
JIN 26 ATCC 96581 + 
   
40 
 
 
 
 
 
Table 2.4. Fermentation data of the selected xylose-fermenting transformants from the industrial 
strains grown in YPX40 medium and measured at 72 h into the fermentations. Jin 03-02 refers to 
the #2 colony of Jin 03 strain; Jin 18-01 refers to the #1 colony of Jin 18 strain, and so forth.  
Code Name Strains 
Xylose 
Consumption 
Rate (g/L) 
Ethanol 
Yield 
(g/g) 
Ethanol 
Productivity 
(g/L/h) 
Jin 02 - 08 ATCC 4098 0.489 0.200 0.098 
Jin 03 - 02 ATCC 4124 0.533 0.305 0.163 
Jin 03 - 07 ATCC 4124 0.509 0.244 0.124 
Jin 04 - 01 ATCC 4126 0.493 0.217 0.107 
Jin 05 - 01 ATCC 4127 0.494 0.238 0.118 
Jin 05 - 03 ATCC 4127 0.509 0.221 0.112 
Jin 05 - 06 ATCC 4127 0.511 0.214 0.109 
Jin 05 - 07 ATCC 4127 0.503 0.192 0.096 
Jin 05 - 08 ATCC 4127 0.544 0.181 0.098 
Jin 17 - 01 ATCC 46523 0.553 0.247 0.137 
Jin 18 -01 ATCC 56069 0.526 0.224 0.118 
Jin 24 - 05 ATCC 66348 0.475 0.197 0.094 
Jin 24 - 11 ATCC 66348 0.535 0.246 0.132 
Jin 24 - 12 ATCC 66348 0.515 0.211 0.108 
Jin 24 - 15 ATCC 66348 0.514 0.211 0.108 
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Table 2.5. Fermentation data of the selected cellobiose fermenting transformants from the 
industrial strains grown in YPC80 medium and measured at 37 h into the fermentation.  
Code Name Strains 
Cellobiose 
Consumption 
Rate (g/L) 
Ethanol 
Yield 
(g/g) 
Ethanol 
Productivity 
(g/L/h) 
Jin 03 ATCC 4124 2.316 0.369 0.855 
Jin 09 ATCC 9763 2.377 0.338 0.803 
Jin 13 ATCC 24858 1.709 0.180 0.307 
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2.7 Figures 
 
Figure 2.1. A heat map indicating the relative performance of our industrial strain screening 
under various condition. ATCC 4124 is the control strain, and the z-score was scaled at 0. 
Performance for a specific test that was 10% lower than the ATCC 4124 control strain was 
scaled at -2. Performance 5-10% lower was scaled at -1, performance within 5% lower or higher 
was scaled at 0, performance 5% higher was scaled +1, and performance greater than 10% higher 
was scaled at +2. No growth was scaled at -3 (gray color). Abbreviations: Glu, Glucose; 
YPD20, YP medium with 20g/L glucose; HMF, hydroxymethylfurfural; Xyl, xylose; Cel, 
cellobiose; GA, gas analysis; CSM, complete supplement mixture.  
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Figure 2.2. The relative DNA content of industrial strains was measured by flow cytometry. 
Strains with known ploidy were used as a control and colored in black. Red color referred to 
haploid or diploid, and blue color referred to diploid or triploid. 
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Figure 2.3. Temperature tolerance from the spotting assay on YPD medium incubated at 30 °C 
or 37 °C. 
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Figure 2.4. Inhibitor tolerance from the spotting assay on YPD medium containing 2 g/L HMF, 
1 g/L furfural, or 20 % hydrolysate.  
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Figure 2.5. Acetic acid tolerance from spotting assay on YPD medium containing 1, 2, or 3 g/L 
acetate.  
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Figure 2.6. A heat map indicating the relative performance of industrial strain screening on 
mannose, maltose and sucrose condition. The ranking of their performances was analyzed in this 
figure. Performance for a specific test that was 10% lower than the ATCC 4124 control strain 
was scaled at -2. Performance 5-10% lower was scaled at -1, performance within 5% lower or 
higher was scaled at 0, performance 5% higher was scaled +1, and performance greater than 10% 
higher was scaled at +2. No growth was scaled at -3 (gray color). Abbreviations: SM, synthetic 
complete medium with complete supplement; SCD, synthetic complete medium without 
complete supplement; GA, gas analysis; Man, Mannose; Malt, Maltose; Sucro, Sucrose.  
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3.1 Introduction 
Saccharomyces cerevisiae, which has been widely used for first generation biofuel, cannot 
naturally utilize xylose which is abundant in cellulosic hydrolysates (1-3). As such, metabolic 
engineering approaches to develop rapid and efficient xylose-consuming engineered S. 
cerevisiae have been undertaken for decades (4-7). Numerous xylose-fermenting S. cerevisiae 
strains have been constructed, with either a cofactor-dependent xylose reductase (XR)-xylitol 
dehydrogenase (XDH) pathway or a cofactor-independent xylose isomerase (XI) pathway. 
Whereas the engineered S. cerevisiae strains with the XR-XDH pathway are advantageous in 
terms of ethanol productivity, the engineered strains with XI pathway are better in terms of 
ethanol yield (8, 9). 
In addition to xylose fermentation issue, the toxicity of acetic acid, which is generated by 
hydrolysis of acetyl groups in hemicellulose (10), is another outstanding problem for producing 
cellulosic ethanol. Acetate severely hinders both yeast growth and intracellular sugar metabolism 
(10-14). Previous studies have focused on identifying gene targets eliciting improved tolerance 
against acetate (15-18). AFT1 and HAA1 coding for two transcription factors involved in iron 
utilization and weak acid stress adaptation, respectively, have been reported to be up-regulated in 
the presence of acetate. Genetic perturbations of AFT1 and HAA1 led to marginal improvements 
in acetate tolerance, but acetate remained in the fermentation medium without detoxification. 
While native S. cerevisiae can consume acetate as a carbon source through respiratory 
metabolism using molecular oxygen as an electron acceptor (19, 20), this yeast cannot consume 
acetate under anaerobic conditions. A possible anaerobic route of acetate consumption is to 
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convert acetate into acetyl-CoA by acetate synthetase and then reduce acetyl-CoA into ethanol 
by acetylating acetaldehyde dehydrogenase (AADH) (2, 21, 22). S. cerevisiae lacks AADH so 
that introduction of a heterologous gene coding for AADH into S. cerevisiae is necessary to 
reduce acetate. The possibility of using acetate as an electron acceptor to eliminate glycerol 
production in yeast during glucose fermentation has been demonstrated (23). However, the two 
genes encoding NAD-dependent glycerol-3-phosphate dehydrogenase (GPD1 and GPD2) need 
to be deleted to build up surplus NADH accumulation which could serve as reducing power for 
acetic acid reduction, causing severe growth defect of the engineered yeast. 
In contrast to glucose metabolism, xylose metabolism by XR and XDH generates surplus 
NADH due to cofactor differences of NADPH-linked XR and NAD+-linked XDH. Surplus 
NADH produced during xylose fermentation has been pointed out as a problem causing the 
accumulation of reduced byproducts (xylitol and glycerol). However, the surplus NADH from 
xylose fermentation can be exploited for detoxifying acetate into ethanol through introducing 
AADH (coded by E. coli adhE gene) into a xylose-fermenting engineered S. cerevisiae (2). This 
strategy can provide multiple benefits for producing cellulosic ethanol. First, it allows in situ 
detoxification of acetate from lignocellulosic hydrolysates. Second, ethanol yield can increase as 
acetate is converted into ethanol. Third, byproducts formation such as xylitol and glycerol can be 
reduced as surplus NADH is exploited to acetate reduction. Nonetheless, only small fractions 
(~10-15%) of acetate in the cellulosic hydrolysates have been consumed into ethanol (2, 24).    
In this study, we optimized the acetate reduction pathway for the enhanced conversion of 
acetate into ethanol during xylose fermentation. As the theoretical maximum ethanol yield from 
acetate (0.77 g ethanol/g acetate) is much higher than that (0.51 g ethanol/g xylose) from xylose, 
complete conversion of 15 g/L of acetate (typical concentrations of acetate in cellulosic 
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hydrolysates) into ethanol might produce the amount of ethanol which can be produced from 23 
g/L of xylose, suggesting a great potential of the acetate reduction pathway to reduce the cost of 
cellulosic ethanol. Through optimizing the expression levels of AADH and ACS in the acetate 
reduction pathway, we have made substantial improvements in actual lignocellulosic 
hydrolysates. The optimized engineered strain SR8A6S3 exhibited ethanol yield up to 0.463 g/g 
xylose under anaerobic condition, which is so far the closest to the theoretical maximum ethanol 
yield from sugars by engineered yeast strains with XR and XDH pathway. 
 
3.2 Materials and methods 
3.2.1 Strains, media and growth conditions  
Escherichia coli Top10 was used for the construction and routine preparation of plasmids 
used in this study. E. coli was grown in LB medium (5 g/L yeast extract, 10 g/L tryptone, 10 g/L 
NaCl, pH 7.0) at 37 °C, and ampicillin (100 μg/mL) was added when required. The yeast strain 
used in this study was S. cerevisiae SR8 (5) which is an efficient xylose-utilizing yeast. For 
fermentation experiments, yeast strains were grown in yeast extract-peptone (YP) medium (10 
g/L yeast extract, 20 g/L peptone) containing glucose (YPD), xylose (YPX), acetate (YPA) or a 
mixture of glucose, xylose, and acetate (YPDXA). Lignocellulosic hydrolysates from National 
Renewable Energy Laboratory (NREL) were also used for fermentation experiments. The 
concentrations of the sugars were placed as numbers following their initials (e.g., YPD20 
represents YP medium containing 20 g/L glucose; YPD20X80A8 represents YP medium 
containing 20 g/L glucose, 80 g/L xylose, and 8 g/L acetic acid). Defined minimal medium 
(YSCD) containing 6.7 g/L yeast nitrogen base without amino acids and supplemented with the 
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appropriate auxotrophic requirements and 20 g/L glucose was used for routine yeast 
transformations. All yeast experiments were performed at 30 °C.  
 
3.2.2 Plasmid and strain construction  
The open reading frame (ORF) of E. coli adhE gene (2) was codon-optimized based on 
codon usages of the genes coding for highly expressed glycolytic enzymes in yeast (25) and 
synthesized by IDT Inc., USA. Two integration plasmids YIplac211 (26) and pITy3 (27) were 
used as backbones to construct the wild-type and codon-optimized adhE overexpression 
cassettes. The plasmid YIplac211-H1H2 (Table 3.2) was constructed by ligating two adjacent 
DNA fragments H1 (digested by EcoRI and KpnI) and H2 (digested by HindIII and SphI) from a 
yeast intergenic region into YIplac211 sequentially. The fragments H1 and H2, used as 
homology arms for double-crossover integration, were PCR amplified using primer pairs H1-
U/H1-D and H2-U/H2-D (Table 3.1). The yeast constitutive promoter pPGK1 and its terminator 
tPGK1 were PCR amplified using primer pairs listed in Table 3.1 and then ligated into plasmid 
pITy3. The wild-type adhE gene (WT_adhE) and codon-optimized adhE gene (CO_adhE) were 
inserted in between of the pPGK1 and tPGK1, forming plasmid pITy3-pPGK1-WTadhE-tPGK1 
and pITY3-pPGK1-COadhE-tPGK1. The WT_adhE and CO_adhE overexpression cassettes 
were then PCR amplified by primer pair adhE-U and adhE-D (Table 3.1) and then ligated into 
plasmid YIplac211-H1H2 between fragments H1 and H2, respectively, forming plasmid 
YIplac211-H1H2-WT_adhE and YIplac211-H1H2-CO_adhE.  
 YIplac211-H1H2-WT_adhE and YIplac211-H1H2-CO_adhE were then linearized by 
restriction enzyme SpeI and transformed into SR8 strain, respectively. After transformation, cells 
were plated on selective media (SCD-ura plate) and allowed to grow for 2-3 days until colonies 
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were ready to pick. Colonies with the successful integration of genes were confirmed by 
diagnostic PCR, and the resulted strains designated as SR8A2 and SR8A4 (Table 3.3), 
respectively. Plasmid pITy3-pPGK1-CO_adhE-tPGK1 was linearized by restriction enzyme 
XhoI and transformed into the SR8A4 strain. Transformants were selected on YPD plate 
supplemented with an appropriate amount of Hygromycin B. The resulted strain was designated 
as SR8A5 (Table 3.3). One more copy of CO_adhE was integrated into the SR8A5 strain at the 
mutated PHO13 (5) locus using a CRISPR-Cas9 based metabolic engineering tool (28, 29). The 
guide RNA (gRNA) plasmid gRNA-pho13-G418 for targeting the mutant PHO13 locus was 
constructed using the method as previously described (29). Cas9-NAT was transformed into the 
SR8A5 strain to obtain the SR8A5-Cas9 strain selected on a YPD plate supplemented with an 
appropriate amount of ClonNAT (Nourseothricin, a streptothricin antibiotic). A long double 
strand donor DNA containing CO_adhE overexpression cassette flanked by 60 bp homology 
arms was PCR amplified from plasmid YIplac211-H1H2-CO_adhE using primer pair 
adhEdonor-U and adhEdonor-D (Table 3.1). The resulting linear expression cassette was 
transformed together with plasmid gRNA-pho13-G418 into the SR8A5-Cas9 strain. The 
transformants were selected on YPD plate supplemented with 120 mg/mL ClonNAT and 300 
mg/mL G418 afterward. Positive colonies were confirmed by diagnostic PCR and designated as 
the SR8A6 strain.  
The mutant Salmonella ACS gene overexpression plasmid ACS*Opt was a kind gift from 
Dr. Huimin Zhao (30). The overexpression of this mutated ACS was achieved by a CRISPR-
Cas9 based integration method as mentioned above. Three copies of ACS overexpression cassette 
were integrated into the SR8A6 strain iteratively at three different intergenic loci. The final 
resulting strain was designated as the SR8A6S3 strain.  
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SR8A5-1, SR8A5-2, SR8A5-3 AND SR8A5-4 strains were derived from the SR8A5 strain 
for manipulating intracellular NADH level according to previous literature (31). The SR8A5-1 
strain was generated by introducing 60 bp GPD1 promoter truncation in the SR8A5 strain. The 
SR8A5-2 strain was obtained by introducing 80 bp GPD1 promoter truncation in the SR8A5 
strain. The SR8A5-3 was made by deleting GPD2 in the SR8A5-1 strain. The SR8A5-4 was 
constructed by deleting GPD2 in the SR8A5-2 strain. All the deletions and promoter truncations 
were achieved by using a CRISPR-Cas9 based method. 
 
3.2.3 Crude extract preparation for enzymatic assays 
We followed the protein extraction procedure reported previously with slight modifications 
(32). To prepare the protein extract, overnight pre-cultures were inoculated into 20 mL YP with 
20 g/L glucose, 40 g/L xylose, and 2 g/L acetate and fermented anaerobically till the OD600 
reached 1 or 2. Yeast cells were then harvested and centrifuged at 4,000 rpm and 4 °C for 5 min. 
Cell pellets were washed twice with cold H2O, and then resuspended in 1 mL of cocktail mix that 
contains a 50 mL mixture of a protease inhibitor cocktail tablet (Roche Applied Science, 
Indianapolis, IN), 25 mM Tris-HCl pH 7.5, and 1 mM dithiothreitol. The cell suspension was 
transferred into chilled 2 mL tubes filled with acid-washed glass beads (Ø = 0.5 mm). Yeast cells 
were disrupted with FastPrep ® Cell Disrupter (MP Biomedicals, Santa ana, CA). Ruptured cells 
were centrifuged at 18,000 rpm for 10 min at 4 °C, and the supernatant was used as the protein 
extract. Protein concentration was determined by Thermo Scientific Pierce BCA Protein Assay 
Kit (Thermo Fisher Scientific, Waltham, MA) as described by the supplier. 
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3.2.4 Enzymatic activity assays  
AADH enzymatic reaction was initiated by adding 5 µL of a crude extract and 1.2 mM 
acetyl coenzyme into the mixture of 0.3 mM NADH in 50 mM potassium phosphate buffer (pH 
7.5) with a total reaction volume of 200 µL (2). The enzyme activities were measured by 
detecting the oxidation of NADH from the absorbance changes at 340 nm at 30 °C using 
BioTek’s Synergy HT plate reader (Biotek, Winooski, VT). Specific activities are expressed as 
units per milligram of protein. Units are defined as micromoles of NADH reduced or oxidized 
per minute. All samples were analyzed in triplicates experiments. 
ACS enzyme activity was measured by coupled reactions of malate dehydrogenase and 
citrate synthase (33) with a net reaction of acetate + ATP + L-malate + NAD+  citrate + AMP + 
NADH. The enzymatic reaction was initiated by adding 20 µL of 1 M sodium acetate and 40 µL 
of a crude extract into the mixture (140 µL) with final concentrations of 35 mM Tris-HCl (pH 
7.8), 2.5 mM L-malate, 1 mM ATP, 2.5 mM MgCl2, 0.1 mM coenzyme A trilithium salt, 3 mM 
NAD+, 2.5 units of malate dehydrogenase, and 1.25 units of citrate synthase.  ACS enzymatic 
activities were measured by formation of NADH (reduction of NAD+). Specific activities are 
expressed as units per milligram of protein. Units are defined as micromoles of NADH produced 
per minute. 
 
3.2.5 Fermentation and metabolite analysis  
"Pretreated Miscanthus biomass " was generated in a National Renewable Energy Lab 
(NREL), Golden, CO, pretreatment pilot plant and 25% (w/w) solid loading, 1.5% (w/w) sulfuric 
acid and a rapid steam-driven heating ramp to 190°C with a holding time of 1 min and 
subsequent rapid pressure release/cooling. The liquid fraction of Miscanthus hydrolysate was 
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neutralized to pH 6.5 with calcium hydroxide. In order to supplement nitrogen sources and 
necessary nutrient for yeast growth, 0.1X YP medium (1 g/L yeast extract and 2 g/L peptone) 
was supplemented. The resulting hydrolysate contained approximately 20 g/L glucose, 50 g/L 
xylose, 10 g/L acetate, 1 g/L HMF, and 2 g/L furfural. Anaerobic batch fermentation 
experiments were performed by inoculating yeast cells grown on YPD into 10 mL fermentation 
media (YP medium containing 20 g/L glucose, 80 g/L xylose, and 8 g/L acetate, or above-
mentioned lignocellulosic hydrolysates). Initial cell densities were  OD600 of ~1 (corresponding 
to approximately 0.24 g/L dry cell mass) for YP medium and ~10 (corresponding to 
approximately 2.4 g/L dry cell mass) for lignocellulosic hydrolysates. A serum bottle sealed with 
butyl rubber stoppers was used to ensure strict anaerobic conditions. The serum bottles with 
fermentation media were then flushed with nitrogen gas, which had passed through a heated, 
reduced copper column to remove trace of oxygen. Fermentations were performed at 30 °C and 
100 rpm conditions. Samples were taken at appropriate intervals and then centrifuged at 15,000 
rpm for 5 min. Supernatants were diluted appropriately and then used for the determination of 
glucose, xylose, glycerol, acetic acid and ethanol by high-performance liquid chromatography 
(HPLC, Agilent Technologies 1200 Series) equipped with a refractive index detector. The Rezex 
ROA-Organic Acid H+ (8%) column (Phenomenex Inc., Torrance, CA) was used and the 
columns were eluted with 0.005 N H2SO4 at 50 °C, and the flow rate was set at 0.6 mL/min. 
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3.3 Results 
3.3.1 Construction of engineered yeast strains exhibiting different AADH and ACS 
activities  
AADH and ACS are the two key enzymes of the acetate reduction pathway (Figure 3.1). 
We hypothesized that enhanced activities of the two enzymes might increase the rate of acetate 
consumption in engineered yeast. Thus, we constructed a series of engineered strains exhibiting 
varied levels of AADH and ACS activities. We attempted to increase AADH activity gradually 
through codon-optimization and increasing copy numbers of the expression cassette containing 
codon optimized adhE (CO_adhE) under the control of the PGK promoter (PPGK) (Figure 3.2A). 
The starting strain SR8 as a control showed almost no AADH activity but the SR8A2 strain 
harboring one copy of the expression cassette expressing the wild-type adhE showed measurable 
levels of AADH activities (1.77 folds higher than basal activity given by control SR8 strain). In 
order to increase the AADH activity in our engineered yeast, we introduced an expression 
cassette containing codon-optimized adhE into the SR8 strain. The resulting SR8A4 showed a 
three-fold higher AADH activity than the SR8A2 strain, suggesting that the codon-optimized 
adhE (CO_adhE) is expressed much better than the wild-type adhE (WT_adhE) in S. cerevisiae. 
By iteratively introducing the expression cassette containing CO_adhE into the SR8A4 strain, 
the SR8A5 strain containing two copies of CO_adhE and the SR8A6 strains containing three 
copies of CO_adhE were constructed. As a result, four engineered strains (SR8A2, SR8A4, 
SR8A5, and SR8A6) exhibiting various levels of AADH activity were constructed (Figure 
3.2A). 
To enhance ACS activity, we chose to overexpress a mutant ACS from Salmonellas 
enterica which was reported to have less feedback regulation by acetyl-CoA (30, 34). We 
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reasoned that the increased activity by the mutant ACS could facilitate enhanced utilization of 
acetate. As such, we introduced three copies of the expression cassette containing this mutant 
ACS into the SR8A6 strains. The resulting SR8A6S3 strain showed two-fold higher ACS 
activity than other engineered yeast strains (Figure 3.2B). These results suggest that with the 
combination of codon optimization and augmentation of copy number, the activities of the two 
key enzymes AADH and ACS can be substantially elevated in engineered yeast strains. 
 
3.3.2 Improved acetate consumption under anaerobic conditions by the engineered yeast 
strains  
We carried out anaerobic fermentation to evaluate the acetate consumption capacities of 
our engineered strains with varied AADH and ACS activities (SR8A2, SR8A4, SR8A5, SR8A6, 
and SR8A6S3 using SR8 as a control). In order to mimic the fermentation of lignocellulosic 
hydrolysates, 20 g/L glucose, 80 g/L xylose, and 8 g/L of acetic acid were supplemented in the 
YP medium as carbon sources. As expected, the engineered yeast strains with higher AADH and 
ACS activities consumed more acetate and produced less reduced byproducts (glycerol and 
xylitol) when they finished xylose fermentation, resulting in producing more ethanol. Moreover, 
we observed a positive correlation between AADH/ACS activities and the amounts of consumed 
acetate (Figure 3.3A, Figure 3.6F). Similar to control SR8 strain, the SR8A2 strain expressing 
E. coli adhE (WT_adhE) consumed only little amounts of acetate (Figure 3.2A) but the SR8A4 
strain expressing a codon optimized adhE (CO_adhE) showed much better acetate consumption 
of up to 3.28 g/L, suggesting that E. coli adhE (WT_adhE) might be expressed poorly in yeast. 
The SR8A5 strain containing an extra copy of the expression cassette of CO_adhE was able to 
consume 5.28 g/L of acetate but the SR8A6 strain containing two extra copies of the expression 
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cassette of CO_adhE consumed almost same amounts of acetate even though the SR8A6 strain 
had a higher AADH activity than the SR8A5 strain (Figure 3.2A). This result suggests that there 
might be a saturation of AADH activity for acetate consumption in the SR8A6 strain. 
Nevertheless, we decided to use the SR8A6 strain for introducing a mutant ACS as the 
saturation might be relieved when ACS activity increases. As such, we introduced three copies of 
the mutant ACS into the genome of the SR8A6 strain. The resulting strain SR8A6S3 consumed 
7.1 g/L of acetate. As a result, the SR8A6S3 strain produced the least amounts of the reduced 
byproducts (2.5 g glycerol/L and 1.84 g xylitol/L) and the most amount of ethanol (43.33 g 
ethanol/L), while the control SR8 strain produced the most amounts of reduced byproducts (8.24 
g glycerol/L and 5.72 g xylitol/L) and the least amount of ethanol (30.39 g ethanol/L). The 
ethanol titer of the SR8A6S3 strain exhibited a significant increase of 42.6% as compare to the 
control SR8 strain.  
The ethanol yields of the engineered yeast strains with varied AADH and ACS activities 
gradually increased 29.7% from 0.344 g ethanol/g sugars to 0.446 g ethanol/g sugars (Figure 
3.3B, Figure 3.5A, and Figure 3.5B) (Table 3.4). Glycerol and xylitol yield gradually 
decreased because the redox imbalance in the engineered strains can be alleviated stepwise as 
more acetate consumed. Specifically, the glycerol yields of the engineered strains decreased 
69.7% from 0.089 g glycerol/g sugar to 0.027 g glycerol/g sugars (Figure 3.3C, Figure 3.5A, 
and Figure 3.5B) (Table 3.4) and the xylitol yields decreased 71.8% from 0.085 g xylitol/g 
xylose to 0.024 g xylitol/g xylose (Figure 3.3D, Figure 3.5A, and Figure 3.5B) (Table 3.4). 
The acetate reduction pathway in the SR8A6S3 contributed a 70.7% lower byproduct yield and 
29.7% higher ethanol yield as compared to the control SR8 strain. These results suggest that the 
acetate consumption capacity can be improved by increasing the activities of AADH and ACS. 
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3.3.3 Effects of glucose pulse-feeding on acetate consumption  
The acetate reduction pathway is coupled with ATP consumption (Figure 3.1). ACS which 
is the first enzyme in the pathway uses 2 ATP equivalents. Therefore, we reasoned that the 
metabolic fluxes towards the acetate reduction pathway could be limited if intracellular ATP 
levels are not sufficient to support the ACS reaction even though the activities of ACS and 
AADH increased. In order to examine whether or not the elevated ATP levels could positively 
affect acetate consumption, we conducted a glucose pulse-feeding fermentation to supplement 
ATP in a continuous manner as the substrate-level phosphorylation is the only way for 
generating ATP.  The SR8A6S3 strain was chosen as it exhibited highest activities of both ACS 
and AADH. While we used the same amounts of glucose (20 g/L), xylose (80 g/L), and acetic 
acid (8 g/L) for the fermentation experiment, we started the fermentation with 6 g/L of initial 
glucose, 80 g/L of xylose, and 8 g/L of acetate and the rest of glucose (14 g/L) was pulse-fed to 
the culture every 12 hours instead of providing 20 g/L of glucose initially. As is shown in Figure 
3.7, the consumption of acetate during the pulse-feeding fermentation was almost identical to the 
previous batch fermentation under the same conditions, suggesting that continuous ATP 
generation by glucose pulse-feeding could not assist the acetate reduction pathway. 
 
3.3.4 Effects of altered glycerol-3-phosphate dehydrogenase expression levels on acetate 
consumption  
In addition to ATP for ACS, AADH requires NADH as a cofactor. As surplus NADH is 
produced during anaerobic xylose fermentation in engineered yeast strain with XR-XDH 
pathway (1), it is possible to couple the surplus NADH with the acetate reduction pathway (2). 
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However, we cannot exclude the possibility that NADH levels under this circumstance are still 
limiting. In order to examine if the acetate consumption capacity of the engineered strains can be 
affected by elevated NADH levels, four engineered yeast strains (SR8A5-1, SR8A5-2, SR8A5-3, 
and SR8A5-4) exhibiting different expression levels of NAD-dependent glycerol-3-phosphate 
dehydrogenase (GPD1 and GPD2) were constructed based on the SR8A5 strain. We reasoned 
that reduced glycerol production might lead to more acetate reduction. While we can eliminate 
glycerol production by deleting both GPD1 and GPD2, the resulting mutant can be extremely 
sick (23).Therefore, we undertook approaches to partially abolish Gpd activity through 
truncations of the promoter or coding regions. 60 bp and 80 bp upstream promoter regions from 
the start codon of GPD1 were deleted in the SR8A5-1 and SR8A5-2 strains, respectively. 
Additionally, the coding region of GPD2 was deleted in the SR8A5-1 and SR8A5-2 strains, 
generating the SR8A5-3 and SR8A5-4 strains, respectively (31).  
We performed fermentation experiments by the engineered strains using a mixture of 
glucose, xylose and acetate under anaerobic conditions. As shown in Figure 3.8, although the 
genetic perturbations led to reduced glycerol production, the consumed amounts of acetate by the 
SR8A5-1, SR8A5-2, and SR8A5-3 were almost identical to their parental strain (SR8A5).  The 
SR8A5-4 strain consumed even less acetate because of the impaired growth and sugar 
consumption caused by the major loss of Gpd activity. We performed another fermentation 
experiments by the engineered strains with impaired glycerol production using a mixture of 
glucose and acetate under anaerobic conditions. None of the engineered strain was able to 
consumed acetate during the glucose fermentation. Overall, these experiments demonstrated that 
increasing NADH levels by altered glycerol-3-phosphate dehydrogenase expression levels could 
not improve acetate reduction and the surplus NADH generated during the xylose fermentation 
69 
 
under anaerobic conditions might be sufficient to sustain the acetate reduction pathway in our 
engineered yeast strains. 
 
3.3.5 Improved fermentation of a lignocellulosic hydrolysate by the engineered SR8A6S3 
strain  
Dilute acid pretreatment of lignocellulosic biomass generates a solid fraction containing 
cellulose and lignin and a liquid fraction containing glucose, xylose, and acetate. Typically, the 
liquid fraction contains 20 g/L glucose, 50 g/L xylose, and 10 g/L acetate. We performed a 
fermentation experiment using a liquid fraction obtained from dilute acid pretreated Miscanthus 
and our optimized yeast strain (SR8A6S3). As shown in Figure 3.5, both the control strain (SR8) 
and engineered SR8A6S3 strain depleted glucose within 12 hours. While the SR8A6S3 strain 
was able to deplete xylose within 48 hours along with the co-consumption with 4.11 g/L acetate, 
the SR8 strain finished xylose fermentation at 60 hours without consuming acetate at all. As a 
result, the ethanol yield of the SR8A6S3 strain increased 18.4% (0.395 vs. 0.468 g ethanol/g 
sugars) as compared to that of the SR8 strain. This substantial yield increase is due to not only 
from the consumed acetate but also from the reduced byproduct formation. The glycerol and 
xylitol yield of the SR8A6S3 strain decreased by 40.3% (0.073 vs. 0.033g glycerol/g sugars, 
0.112 vs. 0.078 g xylitol/g xylose) as compare to that of the SR8 strain (Table 3.4).  
 
3.4 Discussion 
Improving the xylose fermentation ability of S. cerevisiae yeast has been researched 
extensively. Engineered S. cerevisiae strains with XR-XDH pathway showed low ethanol yields 
and high byproduct yields because of the redox imbalance caused by the cofactor difference of 
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XR and XDH. Therefore, metabolic engineering strategies to improve xylose fermentation by 
engineered yeast with XR and XDH were attempted by balancing the redox through modifying 
cofactor preferences of XR and XDH, or by providing an appropriate electron acceptor for re-
oxidizing surplus NADH under anaerobic conditions. The cofactor preferences of XR or XDH 
have been successfully altered by protein engineering  (35, 36) and mutated XR and XDH were 
shown to be effective to some extent for reducing xylitol accumulation as well as increasing the 
ethanol yield from xylose. Also, the supplementation of electron acceptors, such as furfural, 5-
hydroxymethyl furfural, acetoin into fermentation media led to improved xylose fermentation 
(37-39).  However, these strategies came along with ‘collateral damage.' Either impaired cell 
growth or reduced enzyme activity have been observed unintendedly. Engineered S. cerevisiae 
with the XI pathway can bypass the redox imbalance problem as cofactors are not necessary for 
XI. As a result, the ethanol yields by XI strains were higher than those by the engineered yeast 
with XR-XDH.  
However, if acetate, a major fermentation inhibitor present in lignocellulosic hydrolysates, 
were to serve as a redox sink and is converted into less inhibitory products, both the cofactor 
imbalance problems and the toxicity of acetate can be alleviated or even eliminated. In addition, 
the reduced acetate would contribute to the final ethanol titer. In the previous study,  Na Wei et 
al. have demonstrated the beneficial effects resulted from acetate and xylose co-consumption by 
the engineered strain, whereas the consumed acetate was marginal and the performance of the 
engineered strain in actual lignocellulosic hydrolysate was not shown (2). In this study, as much 
more acetate (~ 3.5 fold as compare to the previous number) was co-consumed with xylose, the 
ethanol yield of the SR8A6S3 strain reached up to 0.446 g/g sugars in terms of YP fermentation 
and 0.468 g/g sugars in terms of lignocellulosic hydrolysate fermentation, which is comparable 
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or better to the best-engineered yeast with XI so far (7). This in situ detoxification strategy of 
coupling the oxidoreductive xylose metabolism and acetate reduction pathway shows great 
potential towards the industrial production of ethanol from lignocellulosic feedstock. 
There are three major factors which might limit the metabolic fluxes of the acetate 
reduction pathway. These include the activities of key enzymes (ACS and AADH), intracellular 
ATP levels and NADH levels (Figure 3.1). This study investigated these possible limiting 
factors using relevant genetic and environmental perturbations and concluded that the major 
limiting factor of the acetate reduction pathway in yeast might be the activities of key enzymes 
(AADH and ACS) rather than the NADH or ATP levels. In order to increase the activities of 
AADH and ACS, we first decided to use a codon-optimized adhE because the strain SR8A2 
expressing E. coli adhE under the control of a strong constitutive yeast promoter barely 
consumed acetate. As expected, simple codon-optimization of E. coli adhE based on a previous 
report (25) resulted in dramatically increased AADH activity. Moreover, we constructed two 
more strains exhibiting increasing activities of AADH by introducing two, and three copies of 
the codon optimized adhE. When we investigated the relationship between AADH activities and 
the amounts of acetate consumption by the three strains, we observed that higher AADH 
activities result in more acetate consumption, but there is a saturation after introducing three 
copies of the codon-optimized adhE. We reasoned that ACS activity might also be limiting 
because acetyl-CoA production in the cytosol of yeast has been discussed as limiting step for the 
production of acetyl-CoA-derived metabolites in previous reports (30, 34). Initially, we 
overexpressed endogenous ACS1 and ACS2 in the SR8A6 strain, but the acetate consumption 
capacity by the resulting yeast did not change (data not shown), which is consistent with the 
previous finding that yeast Acs might be post-translationally regulated (34). Therefore, we chose 
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to overexpress a mutant ACS from Salmonella enterica (SeAcsL641p) which is reported to work 
better for the production of acetyl-CoA-derived products (30, 40). Genomic integration of three 
copies of the mutant Salmonella enterica ACS into the SR8A5 strain resulted in the SR8A6S3 
strain. As a result, the ACS activity in the SR8A6S3 was two-fold higher than that in the SR8A6 
strain. The SR8A6S3 consumed 34.5% more acetate, produced 8.51% more ethanol and 34.3% 
less reduced byproducts (glycerol and xylitol) than the SR8A6 strain. This result suggests that 
ACS activity also plays a significant role in the acetate reduction pathway. 
As glucose is the most favorable carbon source for yeast, the intraocular ATP levels can be 
maintained well under glucose fermentation. As such, glucose pulse-feeding to continuously 
generate ATP has been implemented in previous studies (41, 42). In order to boost metabolic 
fluxes in the acetate reduction pathway, enough ATP needs to be supplied throughout the 
fermentation because the ACS reaction uses 2 ATP equivalents for producing acetyl-CoA from 
acetate. We hypothesized that better ATP supply from glucose pulse-feeding might improve 
acetate consumption. However, we failed to observe any improvements in acetate consumption 
from the pulse-feeding experiment (Figure 3.7). Our results from the pulse-feeding experiment 
for continuous ATP supply and the promoter truncation of GPD1 to increase intracellular NADH 
levels suggest that ATP and NADH levels in our engineered yeast might not be severe limiting 
factors (Figure 3.8). 
While the final engineered strain SR8A6S3 showed decent improvement in lignocellulosic 
hydrolysate fermentation as compared to the control strain (SR8), the extent of the improvement 
was not as significant as that observed in the YP medium fermentation (Table 3.4). These results 
indicate that there might be other limiting factors in the lignocellulosic hydrolysate fermentation. 
For instance, well-known fermentation inhibitors, such as 5-hydroxymethylfurfural (HMF), 
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furfural might hinder the overall sugar metabolism of our engineered strain. Besides, furfural and 
HMF could serve as a redox sink and thus compete for surplus NADH with the acetate reduction 
pathway. 
Through the optimization of the acetate reduction pathway in engineered yeast, we were 
able to substantially improve the ethanol yield from xylose as well as to detoxify acetate during 
the mixed sugar fermentation in the presence of acetate. We identified that the key enzyme 
activity rather than ATP and NADH levels might be the major limiting factor of the acetate 
reduction pathway in our engineered yeast. The ethanol yield (0.463 g/g xylose) obtained from 
the lignocellulosic hydrolysate fermentation by the optimized engineered strain (SR8A6S3) is so 
far the highest among other engineered strains with XR-XDH pathway and is comparable to the 
best-engineered strain with XI pathway. 
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3.5 Tables 
 
 
 
 
 
Table 3.1. Important primers used in this study 
Primers Sequence 
H1-U/H1-D gggcccgcatgcgaattcctatcagcttttttttgcgc/gggcccgcatgcggtaccccagaatatcttggtgaagc 
H2-U/H2-D gggcccgcatgcgagagcaatcaatgcaatgg/gggcccgcatgcaagcttggttgttctcaaccttctac 
pPGK1-U gggcccgcatgcgcatgcaagaaattaccgtcgctcgt 
pPGK1-D gggcccgcatgcgtcgacagacattgttttatatttgt 
tPGK1-U gggcccgcatgcggatcctaaattgaattgaattgaaa 
tPGK1-D gggcccgcatgcccatgggactttttttgttgcaagtg 
adhE-U gggcccgcatgcgtcgacgcatgcaagaaattaccgtcgctcgt 
adhE-D gggcccgcatgcggatccccatgggactttttttgttgcaagtg 
adhEdonor-U atgactgctcaacaaggtgtaccaataaagataaccaataaggagattgctcaagaattcgaagaaattaccgtcg
ctcg 
adhEdonor-D gatcagttgtttgcccaattgcttcaaaaggtttagaatttccagggtgtatggtaatgcgttgcaagtgggatgagct
t 
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Table 3.2. Important plasmids used in this study 
Plasmids Resource 
YIplac211 (26) 
pITy3 (27) 
YIplac211-H1H2 This study 
pITy3-pPGK1-WTadhE-tPGK1 This study 
pITy3-pPGK1-COadhE-tPGK1 This study 
YIplac211-H1H2-WTadhE This study 
YIplac211-H1H2-COadhE This study 
gRNA-pho13-G418 This study 
ACS*Opt (30) 
Cas9-NAT (29) 
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Table 3.3. Strains used in this study 
Strains Description References 
SR8 Efficient xylose-utilizing strain engineered from strain D452-2 (5) 
SR8A2 SR8 expressing one copy of WTadhE overexpression cassette This study 
SR8A4 SR8 expressing one copy of COadhE overexpression cassette This study 
SR8A5 SR8 expressing two copies of COadhE overexpression cassette This study 
SR8A5-Cas9 SR8A5 containing plasmid Cas9-NAT This study 
SR8A6 SR8 expressing three copies of COadhE overexpression 
cassette 
This study 
SR8A6S3 SR8A6 expressing three copies of mutant Salmonella ACS 
gene overexpression cassette 
This study 
SR8A5-1 GPD1 gene promoter region -60 bp truncation in SR8A5 This study 
SR8A5-2 GPD1 gene promoter region -80 bp truncation in SR8A5 This study 
SR8A5-3 GPD2 gene deletion in strain SR8A5-1 This study 
SR8A5-4 GPD2 gene deletion in strain SR8A5-2 This study 
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Table 3.4. Fermentation properties of SR8 and SR8A6S3 in hydrolysate condition 
Conditions Strains P*ethanol 
(g/h) 
Y*ethanol (g/g 
consumed sugar) 
Y*xylitol (g/g 
consumed xylose) 
Y*glycerol (g/g 
consumed sugar) 
Consumed acetate 
(g/L) 
Hydrolysate 
OD 10 
inoculum 
SR8 0.566±0.02 0.395±0.01 (11.20±0.07)*10-2 (7.30±0.11)*10-2 0.69±0.01 
SR8A6S3 0.733±0.01 0.468±0.006 (7.80±0.05)*10-2 (3.25±0.08)*10-2 4.11±0.03 
YP 
OD 1 
inoculum 
SR8 0.36±0.02 0.344±0.011 (8.50±0.25)*10-2 (8.87±0.33)*10-2 0.31±0.13 
SR8A6S3 0.49±0.02 0.446±0.003 (2.40±0.09)*10-2 (2.68±0.21)*10-2 7.1±0.22 
 
*: P stands for Productivity; Y stands for yield. 
Results are presented as the mean value and standard deviation of three independent biological replicates.
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3.6 Figures 
 
 
 
 
 
Figure 3.1. Illustration of the xylose and acetate co-consumption pathway in engineered S. 
cerevisiae.  ACS*, AADH, XR and XDH stand for mutant acetyl-CoA synthetase from 
Salmonella enterica, acetylating acetaldehyde dehydrogenase from E. coli, xylose reductase, and 
xylitol dehydrogenase from Scheffersomyces stipitis, respectively. The most likely rate-limiting 
factors (ACS*, AADH, ATP, and NADH) for acetate consumption are in bold. 
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A.  B. 
 
Figure 3.2. Enzyme activities of AADH (A) and ACS (B) in the series of engineered S. 
cerevisiae strains. WTadhE denotes the wild-type AADH, COadhE denotes the codon-optimized 
AADH, ACS* denotes the mutant ACS (SeAcsL641p) from Salmonella enterica. Numbers 
following the gene names stand for copy numbers of each gene expression cassette introduced 
into parental strain SR8. Data are presented as mean value and standard deviation of three 
independent biological replicates.  
  
80 
 
 
 
A. B. 
 
 
C. D. 
 
 
Figure 3.3. Consumed acetate (A), ethanol yield (B), xylitol yield (C), glycerol yield (D) of the 
engineered strains were evaluated at the end of the fermentation in YP medium containing 20 
g/L glucose, 80 g/L xylose and 8 g/L of acetate (96 h). Data are presented as mean value and 
standard deviation of three independent biological replicates.  
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A. B. 
 
Figure 3.4. Fermentation performances of a control strain SR8 (A) and the SR8A6S3 strain (B) 
were evaluated in YP medium containing 20g /L of glucose, 80 g/L xylose, and 8 g/L acetate. 
Data are presented as mean value and standard deviation of three independent biological 
replicates.  
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 A. B. 
 
Figure 3.5. Fermentation performance of a control strain SR8 (A) and the SR8A6S3 (B) strains 
were evaluated in a lignocellulosic hydrolysate liquid fraction. Data are presented as mean value 
and standard deviation of three independent biological replicates.
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3.7 Supplementary information 
 A. B. C. 
 
D. E. F.
 
 
Figure 3.6. The comparison of Glucose consumption (A), Xylose consumption (B), Ethanol production (C), Xylitol production (D), 
Glycerol production (E), and Acetate consumption (F) in YP medium containing 20 g/L glucose, 80 g/L xylose and 8 g/L acetate. 
Filled square: SR8; Open Square: SR8A2; Filled circle: SR8A4; Open circle: SR8A5; Filled triangle: SR8A6; Open triangle: 
SR8A6S3. Data are presented as mean value and standard deviation of three independent biological replicates. 
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Figure 3.7. Glucose pulse-feeding assay. Solid line stands for the regular condition, and dash 
line stands for glucose pulse-feeding condition. Data are presented as mean value and standard 
deviation of three independent biological replicates. 
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A.  B.  C.
 
D.  E.  F. 
 
G. 
 
Figure 3.8. Effect of NADH level to acetate consumption capacity. DCW (A), Glucose 
consumption (B), Xylose consumption (C), Ethanol production (D), Xylitol production (E), 
Acetate consumption (F), and Glycerol production (G) were evaluated in YP medium containing 
20 g/L glucose, 80 g/L xylose, and 8 g/L acetate. Filled square: SR8A5; Filled circle: SR8A5-1; 
Open circle: SR8A5-2; Filled triangle: SR8A5-3; Open triangle: SR8A5-4. Data are presented as 
mean value and standard deviation of three independent biological replicates. 
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4.1 Introduction 
Cellulosic ethanol production by yeast fermentation is a particular challenge because most 
fermenting microorganisms are unable to ferment each of the sugars that are present in plant cell 
wall hydrolysates, and lack of many other desirable traits, such as high ethanol productivity and 
tolerance to environmental stresses (1, 2). To efficiently produce ethanol from cellulosic 
hydrolysates, yeast must also utilize xylose, which often constitutes up to 40% of the total 
fermentable sugars in cellulosic hydrolysates, under the presence of a complex mixture of toxic 
compounds derived from plant biomass pretreatment (3, 4). Although native Saccharomyces 
cerevisiae cannot ferment xylose, the introduction of heterologous genes encoding a xylose 
pathway enables it to ferment xylose (5-10).  However, the xylose-fermenting capability of 
engineered S. cerevisiae varies significantly among different studies, and it was hypothesized 
that different strain backgrounds might be associated with the phenotypic variations (5). A 
promising approach is to use industrial yeast strains, which have been employed for large-scale 
fermentations, as hosts for metabolic engineering (11-19). Industrial yeast strains possess many 
of the desired traits because they have already been subjected to selection in industrial 
environments.  However, it is challenging to introduce designed genetic perturbations into 
industrial yeast strains because of their complex genetic structure, such as aneuploidy, 
polyploidy, or other chromosomal rearrangements that lead to poor spore viability (1, 20-26). 
The versatile genetic systems that have been well-developed in laboratory strains to improve 
recombination, control mating behavior, and permit use of standard marker selections can be 
difficult or sometimes not possible to use when engineering an industrial yeast strain.  
In the present study, we demonstrate an alternative way to modify an industrial yeast strain 
to make it easier to manipulate and characterize a phenotype of interest.  We selected a polyploid 
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industrial strain, S. cerevisiae ATCC 4124, which was originally isolated from a molasses 
distillery.  The S. cerevisiae ATCC 4124 strain has been widely used for ethanol fermentation 
and a number of studies reported that its engineered strains have industrially attractive 
phenotypes (19, 27-31). Indeed, the present study confirms that the wild-type ATCC 4124 strain 
possesses a high tolerance to fermentation inhibitors, as well as superior glucose fermentation 
capability. In addition, one of the most efficient xylose-fermenting S. cerevisiae strains was 
developed from the ATCC 4124 strain (30), and the resulting 424A (LNH-ST) strain has been 
widely used in many other studies (13, 19, 28, 30).  However, the 424A (LNH-ST) strain was 
made by multiple integrations of a xylose utilization pathway, and it was never compared to 
laboratory strains engineered in the same manner. Therefore, in this study, the industrial strain 
ATCC 4124 is directly compared with the laboratory strain D452-2 by engineering each with a 
heterologous xylose consumption pathway consisting of xylose reductase (XR), xylitol 
dehydrogenase (XDH), and xylulokinase (XK).  The resulting strain derived from the ATCC 
4124 (4124-X123) converted xylose to ethanol more efficiently than the engineered laboratory 
strain derived from D452-2 (DX123).  With all of these attractive phenotypes, the ATCC 4124 
strain was selected for further metabolic engineering for xylose fermentation improvement. In 
order to engineer the industrial strain more efficiently in the laboratory for cellulosic ethanol 
applications, we isolated a stable haploid derivative of the ATCC 4124 strain. Next, by using 
genetic engineering and a series of high-throughput phenotypic evaluation, we successfully 
constructed a strain with better fermentation phenotypes than our best-existing strain (SR8), 
including increased ethanol yield, lower byproduct yield, and in situ detoxification of acetate, 
which is an inhibitor that is commonly present in cellulosic hydrolysates. Overall, this study 
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demonstrates that deriving a haploid strain from a polyploid industrial parent is a promising 
approach for developing new metabolic engineering hosts for production of cellulosic biofuels.  
 
4.2 Materials and methods 
4.2.1 HO gene deletion, Illumina genome sequencing, and read depth analysis 
Three different drug resistance markers were used sequentially to delete multiple copies of 
the HO gene in the ATCC 4124 strain.  Primers JS1 and JS2 (Table 4.3) were used to amplify 
MX4 cassettes, with 80 bp flanking homology to the HO coding region, from plasmids pFA6, 
pAG32, and pAG25 (32), and targeted deletion was performed by LiAc transformation (33, 34) 
and selected on YP (10 g/L yeast extract, 20 g/L peptone) agar plates with 20 g/L glucose 
(YPD20) containing antibiotics, such as G418 (300 µg/mL), hygromycin B (300 µg/mL), and 
nourseothricin (120 µg/mL), respectively.  Alternatively, an integrative plasmid (pAUR101; 
Clontech, Mountain View, CA, USA) containing the aureobasidin A resistance gene (AUR1-C) 
was used to disrupt the HO gene, and the resulting strain was selected on YPD20 containing 0.5 
µg/mL aureobasidin A.   
We constructed single, double, and triple deletions of the HO gene in the ATCC 4124 
polyploid strain background (Table 4.2).  Both the deletion of the HO gene and the presence of 
additional copies of the HO gene were confirmed by PCR analysis of each strain, using primers 
JS 5 – JS10 (Table 4.3).  Illumina genome sequencing of the HO deletion strains was performed 
with small insert TruSeq libraries at the UC Davis Genome Center.  Average read depth 
(sequencing coverage) of the genome, the HO gene, and each drug marker gene was analyzed by 
CLC Genomics Workbench 7, and the relative read depth of the HO and drug marker genes 
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relative to the genome was calculated (Table 4.4).   The S. cerevisiae genome R64 (GenBank 
accession GCF_000146045.2) was used for read mapping and calculation of read depth. 
 
4.2.2 Strains and plasmids 
All strains and plasmids used in this study are summarized in Table 4.2. The mutant allele 
(ura3-52) from the S. cerevisiae D452-2 strain was introduced into the 4124-S60 strain and 
selected on SC agar plates (synthetic complete media; 7 g/L yeast nitrogen base with ammonium 
sulfate, 0.77 g/L of complete supplement mixture with appropriate amino acid dropout) with 20 
g/L glucose (SCD20) containing 1 g/L 5-fluoroorotic acid (5-FOA) yielding the auxotrophic 
mutant, 4124-S60u. Next, the xylose-fermenting strains were constructed by integrating the 
XcmI-linearized pSR6-X123 plasmid containing Scheffersomyces stipitis XYL1, XYL2, and XYL3 
genes (35) at the URA3 locus of the 4124-S60u and ATCC4124 strains and selected on YP agar 
plates containing 40 g/L xylose (YPX40) yielding the S60-X123 and ATCC4124-X123 strains. 
The strain, S60u-X123, was selected on SCD20 agar plates minus uracil. 
Since the S60-X123 and S60u-X123 strains have the identical phenotypes (data not 
shown), only one strain, S60-X123, was used for further genetic manipulation. The PHO13 gene 
was disrupted by using primers Jin407 and Jin408 to amplify the pho13Δ::KanMX4 cassette 
from the genomic DNA of the BY4742 pho13Δ strain (clone ID: 13933) of the Yeast Knockout 
Collection (Open Biosystems). The cassette was introduced into S60-X123 with selection on 
YPD20 containing 300 µg/mL of G418, and yielding the S60-X123 pho13Δ strain. To knockout 
ALD6 gene, a PCR fragment was generated using plasmid pAG25 (EUROSCARF) (32) as the 
template DNA with primers Jin726 and Jin727, which amplified the nourseothricin (natMX4) 
resistance marker with additional 40 bp of DNA homologous to the ALD6 gene.  This PCR 
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fragment was used to delete ALD6 by homologous recombination and selected on YPD20 
containing 120 µg/mL nourseothricin, to generate the IIK1 (S60-X123 pho13Δ ald6Δ) strain. 
The acetate and xylose co-consuming strain, IIK1A, was made by introducing the XhoI-
linearized pITY3-pPGK2-CO_adhE-tPGK1 plasmid (36) into IIK1, and selection on YPD20 
containing 300 µg/mL hygromycin B (Table 4.2).  
 
4.2.3 Specific growth rates and sugar fermentations 
To measure maximum specific growth rates, the Bioscreen C plate reader system (Growth 
Curves USA, Piscataway, NJ) was used as previously described (6).  To prepare precultures, a 
colony was inoculated in 5 mL of YPD20 medium and grown overnight.  Sugar fermentation 
cultures were prepared by inoculating the precultured cells into 50 mL of YPD160 or YPX40 in 
a 250 mL Erlenmeyer flask, to achieve an initial cell density of OD600 (optical density at 600 nm) 
equal to 1.0.  The fermentation flasks were incubated at 30 °C and 100 rpm.  During 
fermentations, cell density (OD600) and extracellular metabolite concentrations were monitored 
by spectrophotometer and high-performance liquid chromatography (HPLC, Agilent 
Technologies 1200 Series), respectively.  The HPLC system was equipped with a refractive 
index detector and a Rezex ROA-Organic Acid H+ (8%) column (Phenomenex Inc., Torrance, 
CA), and the column was eluted with 0.005 N H2SO4 at a flow rate of 0.6 mL/min at 50 °C. 
 
4.2.4 Tolerance assays 
Cells were prepared by growth in 5 mL of YPD20 overnight.  Ten-fold serial dilutions 
were made in water, 10 µL of the 10-1, 10-2, 10-3, 10-4, and 10-5 dilutions were spotted on YPD20 
agar plates, and the plates were incubated at 30 °C (control) or 40 °C (heat tolerance).  To test 
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tolerance to fermentation inhibitors, YPD20 agar plates containing 1 g/L furfural or 3 g/L HMF 
were used. 
 
4.2.5 Tetrad dissection and random sporulation 
To prepare yeast for sporulation, yeast from a colony was grown in 5 mL YPD20 overnight 
at 30 °C.  Cells were washed with water and inoculated into sporulation medium (10 g/L 
potassium acetate, 1 g/L yeast extract, and 0.5 g/L glucose).  Yeasts were allowed to sporulate 
for ~5 d, periodically monitoring for tetrad formation by light microscopy.  Approximately 2 × 
107 cells, containing ~5% tetrads, were suspended in 100 μL sterile distilled water and treated 
with 1.65 units of Zymolyase (E1006, Zymo Research) to digest the ascus coat.  To perform 
tetrad dissection, Zymolyase-treated tetrads were streaked across a YPD20.  Using a 
micromanipulator, four ascospores were separated and placed on the plate at least 5 mm apart.  
Plates were incubated for 2–3 d at 30 °C.  Random sporulation was also performed with 
sporulated cultures.  Sporulated cultures were collected by centrifugation and suspended in a 
solution containing Zymolyase.  After 1 h incubation at 30°C, sterile 0.5 mm glass beads were 
added, and the suspension was vortexed to disrupt the asci.  The cell suspension was then 
incubated at 30 °C for another 1 h and vortexed.  Sterile water was added to the cell suspension 
and plated on YPD20 plate.  Plates were incubated for 2–3 d at 30°C.  Both double and triple HO 
deletion mutants (Table 4.2) were used for sporulation, and no significant differences in terms of 
sporulation efficiency or spore viability were observed. 
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4.2.6 Mating type assay 
Among random spores, 95 mating-competent spores (Table 4.5) were identified by two 
different methods: the halo assay (37) and mating type PCR (38).  For the halo assay, mating 
type tester strains (DBY7730 for MATα and DBY7442 for MATa) (39) were first spread on 
YPD20 agar plates.  Each ATCC 4124 spore clone was then spotted on the lawn of each tester 
strain, and the plates were incubated overnight.  The presence of a halo around a spore spot was 
used to score its mating type.  For the mating type PCR method, colony PCR of spore cells was 
performed with a mixture of three primers, Jin419, Jin420, and Jin421 (Table 4.3).  Cells with a 
single band of 0.49 kb (MATa) or 0.37 kb (MATα) were selected as mating-competent cells with 
a respective mating type.  Cells with two bands, indicating the presence of both MATa and MATα 
genes, were excluded. 
 
4.2.7 Relative genome content and ploidy analysis by flow cytometry 
Precultures of S. cerevisiae strains were grown at 30 °C in YPD20.  Cells were harvested 
once they reached OD600 ~1.0.  Samples were then prepared for flow cytometry, as previously 
described (40).  Briefly, cells were first fixed and permeabilized with cold 70% ethanol, and then 
samples were washed with sodium citrate containing RNaseA.  Afterward, SYTOX® Green dye 
(Life Technologies) was used to stain the nucleic acid.  Flow cytometry was performed using a 
BD Biosciences LSR II Flow Cytometry Analyzer using FITC excitation/emission settings.  The 
absolute ploidy of ATCC 4124 was estimated by comparing its DNA content to the control 
strains, such as the known haploid, diploid, triploid, and tetraploid laboratory strains, L6437, 
L6438, L6439, and L6440, respectively, from Gerald Fink’s Lab. Putative haploid segregants 
were identified by comparing their DNA content to haploid laboratory strain BY4741 and their 
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parental strain ATCC4124, as well as other strains with known ploidy.  All the data were 
analyzed and generated with FCS Express software. 
 
4.2.8 Absolute ploidy determination by Illumina genome sequencing 
To determine the absolute ploidy of the 14 spore clones derived from ATCC 4124, the 
average read depth for each chromosome was computed from mapped Illumina sequencing 
reads, and then normalized based on the median coverage across all sixteen chromosomes.  
Using these relative values, and assuming that ATCC 4124 is triploid, the chromosome content 
of each spore clone was determined (Table 4.6).  A good correlation by linear regression was 
observed between total chromosome number, based on read depth analysis, and relative DNA 
content, based on flow cytometry (Figure 4.9).  
The Illumina fastq files used for the HO gene read depth analyses have been deposited in 
the NCBI SRA, under accession SRP058208.  The Illumina fastq files used for spore clone 
ploidy determination (ATCC 4124 parent strain, BY4741 haploid control, and 14 spore clones 
derived from ATCC 4124) have been deposited in the NCBI SRA, under accession SRP057817. 
 
4.2.9 Cellulosic hydrolysate fermentation 
A dilute acid-treated Miscanthus hydrolysate was prepared by the National Renewable 
Energy Laboratory.  The hydrolysate was adjusted to pH 6.5 by adding 15% (w/w) calcium 
hydroxide.  The soluble contents of the neutralized hydrolysate were 20 g/L glucose, 55 g/L 
xylose, 10 g/L acetate, 1 g/L HMF, and 2 g/L furfural.  For each experiment, precultures were 
inoculated overnight with a single colony in 25 mL of YPD20 medium.  Microaerobic 
fermentation of 25 mL of neutralized hydrolysates was performed in 125 mL flasks. Anaerobic 
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fermentations of 20 mL of the neutralized total hydrolysate were prepared in serum bottles sealed 
with butyl rubber stoppers and flushed with nitrogen.  The precultures were washed and 
inoculated with an initial dry cell weight of 5.0 g/L into the serum bottles or flasks, which were 
incubated at 30 °C and 100 rpm.  Samples were collected and analyzed by HPLC for glucose, 
xylose, acetate, and ethanol concentration, as described above.   
 
4.3 Results  
4.3.1 Phenotypic characterization of ATCC 4124 under industrially relevant conditions 
To characterize the phenotypes of strain ATCC 4124, we compared it with four laboratory 
yeast strains (D452-2, L2612, CEN.PK2-1D, and BY4741), and two industrial strains (Brazilian 
ethanol yeast strains JAY270 and JAY291 (1)), under high glucose concentration (160 g/L) to 
simulate the total sugar content that could be present in sugarcane juice and plant hydrolysates 
(41).  In addition, the high sugar concentration presents an osmotic stress that represents one of 
many environmental stresses that may be encountered during industrial-scale fermentation. We 
performed a 12 h batch fermentation and found that the ATCC 4124 strain consumed glucose the 
fastest, followed by the two Brazilian yeast strains (Figure 4.5).  The four laboratory yeast 
strains had the slowest glucose fermentation rates.  The specific ethanol productivity of the 
ATCC 4124 strain during the first 6 h of fermentation (Figure 4.1A) was 40% higher than the 
average of the laboratory strains (1.06 g/h/g cell and 0.76 g/h/g cell, respectively).   
We also performed growth assays on agar plates, either supplementing them with the 
fermentation inhibitors furfural and hydroxymethylfurfural (HMF) (42-44), or incubating at a 
high temperature.  With 3 g/L HMF, at which all laboratory strains barely grew, the ATCC 4124 
strain had the highest resistance, followed by the Brazilian strains (Figure 4.1B).  Moreover, the 
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ATCC 4124 strain grew well at 40 °C and was the most thermotolerant strain we tested.  In 
summary, the ATCC 4124 strain exhibited useful industrial traits which could be harnessed for 
cellulosic ethanol production: 1) fermentation under osmotic stress; 2) resistance to fermentation 
inhibitors present in plant hydrolysates; and 3) thermotolerance. 
 
4.3.2 Engineered ATCC 4124 ferments xylose better than an engineered laboratory strain 
Our first goal was to rapidly compare xylose fermentation using conventional laboratory 
complex media (YP media with 40 g/L xylose; YPX40) under favorable growth conditions 
before working with more challenging plant hydrolysates that contain inhibitory compounds.  To 
examine the effect of host strain background on the efficiency of xylose fermentation, we 
engineered the industrial strain ATCC 4124 and the laboratory strain D452-2.  Both strains were 
engineered by integrating a single copy of an optimized xylose pathway (XR, XDH, and XK 
encoded by XYL1, XYL2, and XYL3, respectively) at the URA3 or ura3-52 locus, resulting in 
strains 4124-X123 and DX123, respectively (see Materials and Methods) (35). 
When these two strains were grown in YPX40 media for 24 h (Figure 4.2), the 4124-X123 
strain showed more efficient xylose consumption (0.51± 0.08 g xylose/l/h) and ethanol 
production (0.14 ± 0.01 g ethanol/l/h) than the DX123 strain (0.15 ± 0.02 g xylose/l/h and 0.04 ± 
0.05 g ethanol/l/h).  In 60 h, the 4124-X123 strain produced 9.3 ± 0.1 g/L ethanol, while the 
DX123 strain produced less than half that amount.  From these results, we hypothesized that the 
industrial strain ATCC 4124 background might have genetic factors that are advantageous for 
xylose metabolism; however, its polyploid nature makes it difficult to uncover the genetic basis 
of this desirable phenotype. 
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4.3.3 Isolation of a stable haploid derivative of ATCC 4124 (4124-S60) by random 
sporulation and screening 
To develop a host strain for metabolic engineering that could be easier to modify than a 
polyploid strain, we set out to isolate a haploid derivative of the ATCC 4124 strain that 
maintains its advantageous industrial traits.  In order to isolate a stable haploid, we first deleted 
all copies of the HO gene to prevent mating-type switching and diploid formation (45, 46).  
During the course of this process, we were also able to elucidate the ploidy of the ATCC 4124 
strain, which was previously known only to be polyploid (30), but the exact ploidy was not 
described.  Here, we used a combination of deletion of the HO gene, Illumina read-depth 
analysis, and flow cytometry to determine the ploidy of the ATCC 4124 strain. 
We began by sequentially deleting the multiple copies of the HO gene using different drug 
resistance cassettes (G418R, HygR, clonNATR, see Materials and Methods), and using PCR to 
assess the presence of the wild-type HO allele, as well as the presence of the different drug 
cassettes at the HO locus in the resulting strains.  After three rounds of deletion, the HO allele 
was no longer detectable.  The resulting single, double, and triple deletion mutants were 
subjected to Illumina genome sequencing to compare the relative read depth of the HO gene to 
the average read depth of all coding regions in the genome and to each drug resistance marker 
(Table 4.4).  The relative read depth of the HO gene decreased by 32% (the average of single 
deletion mutants), 66% (the average of double deletion mutants), and 99% (triple deletion 
mutant), consistent with three copies of the HO gene.  Using flow cytometry, we also found that 
the relative genome content of ATCC 4124, versus a haploid control (CEN.PK2-1D), was about 
2.5-fold greater (Table 4.5; Figure 4.6). Based on the results of the HO read depth analysis, 
combined with genome-wide Illumina read depth coverage, we estimated that the ATCC 4124 
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strain has three copies of each chromosome, except for chromosome III, which appeared to be 
present in only two copies (see Materials and Methods and Supplemental Information).  Taken 
together, our flow cytometry results and Illumina read depth analysis support the conclusion that 
the ploidy of the ATCC 4124 strain is very close to triploid.  
To isolate haploids from ATCC 4124, we used mutants with double and triple deletions of 
the HO gene.  When an HO double deletion mutant of the ATCC 4124 strain (ho∆2) was 
incubated in sporulation medium, over 50% of the cells generated asci containing four spores.  
However, only five spores germinated after dissecting 25 tetrads, and these spore clones had 
severe growth defects.  The low spore viability (5%) and the poor growth rates of the surviving 
spores are consistent with a complex genome structure and/or ploidy of the ATCC 4124 strain.  
To overcome this problem, we used random sporulation to isolate a sufficient number of viable 
spores, which were then screened for mating type, relative genome content, and growth rate.  
Approximately 2,000 fast-growing spore clones (i.e., the largest colonies on YPD agar plates) 
were isolated and screened using either a halo assay or MAT PCR to determine the mating type 
(see Materials and Methods).  Approximately 5% of these spore clones had a stable mating type 
as either MATa or MATα (S1–S89 in Table 4.5).  Additionally, from an HO triple deletion 
mutant (JMS8), six mating-competent spore clones were isolated (S90–95 in Table 4.5).  A total 
of 95 mating-competent clones were then tested for relative genome content by flow cytometry 
and maximum specific growth rate using a plate reader (Table 4.5).  The genome content of the 
clones varied widely, ranging from 40% to 150% of the ATCC 4124 wild-type strain. However, 
we found no correlation between relative genome content and specific growth rates (Figure 4.7).  
Using the flow cytometry and growth data, we selected 14 putative haploid clones that had both 
a significant reduction in their genome contents (relative to the polyploid ATCC 4124 parent) 
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and no severe growth defects.  Based on Illumina genome sequencing, we found that most of 
these clones were aneuploid, and had extra copies of various chromosomes (Table 4.6).  Only 
one spore clone (4124-S60) was determined to be haploid, and it was used as a host for further 
metabolic engineering. 
 
4.3.4 Phenotypic evaluation of a haploid segregant (4124-S60) of ATCC 4124 
Xylose utilization and tolerance toward cellulosic hydrolysate-derived inhibitors are 
important traits for efficient cellulosic ethanol production.  To determine whether the haploid 
4124-S60, inherited desirable industrial traits from the ATCC 4124 parental strain, we first 
examined whether our haploid derivative of ATCC 4124, 4124-S60 inherited the favorable 
genetic elements of the ATCC 4124 strain for the efficient xylose fermentation we previously 
observed (Figure 4.2).  For a direct comparison with the DX123 strain, we first engineered a 
uracil auxotroph of 4124-S60 (4124-S60u), and subsequently integrated the xylose pathway at its 
ura3 locus, resulting in S60u-X123 (see Materials and Methods).  The S60u-X123 strain 
consumed xylose as fast as the engineered parental strain (4124-X123), which was much more 
efficient than the DX123 strain (Figure 4.2). Next, we tested the 4124-S60 strain for tolerance to 
heat and the fermentation inhibitors furfural and HMF.  Although 4124-S60 did not inherit 
thermotolerance from its parent, it did inherit a strong resistance to furfural and HMF (Figure 
4.1B).  As mentioned earlier, the high resistance to furfural and HMF was a unique feature of the 
ATCC 4124 strain, which was not found in the other strains we tested, including the industrial 
strain JAY270.  
Also, we performed high-glucose fermentations (YPD 160 g/L) with the haploid 4124-S60 
and the other aneuploid segregants and determined the ethanol production at 12 h (Figure 4.3A 
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and Table 4.7).  The haploid 4124-S60 strain produced 34% less ethanol (41.4 ± 0.3 g/L) than 
ATCC 4124 (63.2 ± 1.4 g/L); however, this was still higher than the BY4741 strain production 
(36.3 ± 3.0 g/L).  Despite the higher ethanol titer of the 4124-S60 strain, relative to BY4741, the 
4124-S60 strain also produced more biomass than the other strains, and it, therefore, had the 
lowest specific ethanol productivity (0.60 ± 0.02 g/h/g cell).  The other 13 segregants, which 
were aneuploid, also produced less ethanol than their ATCC 4124 parent strain; two of these 
aneuploid segregants produced even less ethanol than the laboratory strain BY4741.  The 
significant phenotypic variation among the 14 strains suggests that glucose fermentation is a 
complex trait and the high productivity phenotype was not inherited in any of our spore clones, 
or that it might depend on a polyploid genome content.  Further experiments and spore isolation 
will be necessary to distinguish these possibilities.  
In summary, the haploid isolate 4124-S60 inherited genetic elements necessary for efficient 
xylose fermentation and higher tolerance to furfural and HMF, and these phenotypes are not 
tightly associated with high glucose fermentation and heat tolerance traits and were independent 
of its ploidy. From here, we conclude that the haploid 4124-S60 is a good host background for 
cellulosic ethanol production, and further metabolic engineering was continued to optimize for 
efficient xylose fermentation.  
 
4.3.5 Optimization of xylose fermentation of S60-X123 by deletion of PHO13 and ALD6 
For further strain optimization, we used the S60-X123 strain, which was phenotypically 
and genetically isogenic to the S60u-X123 strain except for a selection method of the xylose 
pathway integration: the former was selected based on the growth on xylose, and the latter was 
selected by uracil prototrophy. It was previously reported that PHO13 (alkaline phosphatase) and 
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ALD6 (acetaldehyde dehydrogenase) genes had detrimental effects on xylose metabolism (6, 47-
55).  Although an exact mechanism has not been identified, deletion of PHO13 resulted in 
upregulation of genes in the pentose phosphate (PP) pathway (49, 53, 56), which suggests an 
inhibitory action of Pho13 on xylose metabolism.  When engineered yeast metabolizes xylose, 
Ald6 converts acetaldehyde to acetate, and the accumulation of acetate results not only in 
reduced ethanol yield but also cellular toxicity under the mildly acidic conditions used for 
fermentation (especially when it is below the pKa value of acetate, pH 4.76).  Therefore, to try to 
further optimize the xylose fermentation capability of the haploid derivative of ATCC 4124, the 
PHO13 and ALD6 genes were deleted.  Consistent with previous studies (6, 8, 47-50, 52, 53), the 
pho13Δ mutant had 46% improved ethanol productivity (0.35 ± 0.00 g ethanol/L/h) when 
fermenting xylose (Figure 4.2; Table 4.1).  In addition, the double mutant strain (S60-X123 
pho13Δ, ald6Δ, termed IIK1 here) had the most efficient xylose fermentation and yielded a 92% 
improvement in ethanol productivity (0.46 ± 0.02 g ethanol/L/h) compared to the parental S60u-
X123 strain (Figure 4.2; Table 4.1).  
 
4.3.6 Evaluation of laboratory and industrial strains for cellulosic fermentations 
Next, we tested whether our engineered strain IIK1 could efficiently ferment the cellulosic 
sugars that are present in a plant hydrolysate, which is a complex mixture of glucose, xylose, and 
inhibitory chemicals such as acetic acid, furfural, HMF, and lignin-derived phenolics (42-44).  
For these fermentation experiments, we used a dilute-acid-pretreated plant hydrolysate derived 
from the perennial grass hybrid Miscanthus x giganteus (see Materials and Methods).  The 
hydrolysate was first neutralized by adding 15% (w/w) calcium hydroxide, and fermentations 
were performed with a final soluble composition of 20 g/L glucose, 55 g/L xylose, 2 g/L furfural, 
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and 1 g/L HMF.  As a benchmark for comparison to the IIK1 strain, we used an engineered 
haploid laboratory strain SR8 derived from the DX123 strain that was previously shown to have 
efficient xylose fermentation (6).  Similar to the IIK1 strain, the SR8 strain has a loss of function 
mutation in PHO13, (a point mutation rather than a deletion), as well as deletion of ALD6.  
Although the two strains were not much different when fermenting 40 g/L xylose in rich medium 
(Figure 4.8), the hydrolysate fermentation rate of the IIK1 strain (Figure 4.4B) was much higher 
than the SR8 strain (Figure 4.4A): both glucose and xylose consumption rates were faster, and 
21% higher ethanol productivity was achieved by the IIK1 strain (0.47 ± 0.02 g ethanol/L/h).  
These results demonstrated that the industrial strain background derived from ATCC 4124 
provides a better host background for efficient xylose consumption and ethanol productivity than 
a laboratory strain.  However, the ethanol yield of IIK1 strain (0.28 ± 0.00 g ethanol/g sugars) 
was 14% less than SR8 strain (0.32 g ethanol/g sugars) in hydrolysate, and there is 63% greater 
combined byproduct yield in the form of xylitol and glycerol when compared with the SR8 strain 
(Table 4.1).  
 
4.3.7 Improving the performance of IIK1 by incorporating a heterologous acetate 
consumption pathway 
The IIK1 strain possesses an efficient xylose metabolism under cellulosic hydrolysates 
fermentation, but it has a lower ethanol yield than the SR8 strain (Figure 4.4A, 4.4B), likely due 
to the formation of unfavorable byproducts, such as glycerol and xylitol.  One possible reason for 
the accumulation of such byproducts, which are in a reduced state, is linked with a surplus of 
NADH, caused by a redox cofactor imbalance between enzymes of the XR/XDH xylose 
pathway. In addition to the cofactor imbalance problem, the toxicity of acetic acid present in the 
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hydrolysate is also an issue for cellulosic ethanol production. Previous studies demonstrated that 
introducing the acetylating acetaldehyde dehydrogenase (AADH) (coded by Escherichia coli 
adhE gene) into xylose-fermenting engineered S. cerevisiae can enhance the fermentation 
performance by: 1) in situ detoxification of acetate; 2) reducing the cofactor imbalance between 
the XR and XDH pathways while simultaneously eliminating byproduct formation, as 
accumulating NADH is recycled to NAD+ during the acetate reduction; and 3) increasing ethanol 
yield, as acetate is converted into ethanol (36, 57, 58). The IIK1A strain was constructed by 
introducing AADH into the IIK1 strain, and the resulting strain showed improved ethanol yield 
by 14% and reduced byproduct yields by 45% by consuming 2.4 g/L acetate in anaerobic 
cellulosic hydrolysate fermentation (compare Figure 4.4C to Fig. 4.4D) (see Material & 
Methods). The ethanol yields of the IIK1 and IIK1A strains under anaerobic hydrolysate 
fermentation are 0.345 ± 0.00 g ethanol/g sugars and 0.40 ± 0.00 g ethanol/g sugars, respectively 
(Figure 4.4C, 4.4D; Table 4.1). Thus, by introducing an acetate consumption pathway, a more 
efficient xylose-fermenting strain was developed.  
 
4.4 Discussion 
In this study, we chose to work with the polyploid strain ATCC 4124 as a model industrial 
yeast strain, which was isolated from a molasses distillery, because it has desirable industrially 
relevant phenotypes for cellulosic ethanol production, including inhibitor tolerance and efficient 
xylose fermentation after the introduction of a xylose utilization pathway.  The haploid isolate 
(4124-S60) we derived from the ATCC 4124 strain inherited only a subset of the desirable traits 
present in the parent strain, suggesting that the non-inherited traits were sufficiently 
complex/multigenic, or they depended on the polyploid genome content of ATCC 4124.  
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Selection and phenotyping of additional haploids from ATCC 4124 would help resolve this 
question.  However, obtaining enough haploids may be difficult, as isolating haploids from 
ATCC 4142, which is triploid, was a low-frequency event.  During sporulation of a triploid, six 
copies of chromosomes are randomly segregated into four spores, which mostly results in 
aneuploidy (59).  As a result, we isolated only one stable haploid strain out of 2000 random 
spores that we screened.  Despite these challenges, the methods we describe in this paper are 
amenable to any polyploid industrial S. cerevisiae strain. 
To our knowledge, this work is the first example of the derivation of a haploid spore clone 
by sporulation of a triploid industrial parent.  A similar approach was used to derive a haploid 
from a diploid industrial wine strain (60).  In other work, a diploid clone was derived from a 
triploid parent (26), or a haploid derived from a diploid parent (20).  In all of these studies, the 
derived clones had useful properties and were used for further strain engineering (61-63).  
Considered together, our work and that of others support the idea that developing industrial 
strains into new hosts for metabolic engineering is a valuable approach.   
During the course of this work, the ability to engineer polyploid yeast strains using 
CRISPR/Cas9 genome editing technology has been demonstrated (64, 65).  However, using 
CRISPR/Cas9 to manipulate the genome, either for engineering purposes or genetic and genomic 
characterization, remains challenging due to the high degree of heterozygosity in polyploid 
industrial strains. Such engineering and characterization are greatly simplified through the 
isolation of a stable haploid, rather than working directly with a polyploid. Working with a stable 
haploid provides several advantages:  1) traditional breeding and selection can be used for strain 
improvement; 2) metabolic engineering for further strain improvement is easier with a stable 
haploid; and 3) excellent methods exist to dissect the genetic basis of useful industrial traits 
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based on bulk segregant analysis of large segregant pools derived from mating two haploid 
parents that differ in the phenotype of interest (66-68).  
In conclusion, we have demonstrated that the haploid isolate 4124-S60 derived from the 
industrial polyploid strain ATCC 4124 has useful phenotypes, such as inhibitor resistance and 
efficient xylose metabolism that can be harnessed for industrial applications.  Indeed, our 
engineered strain IIK1, derived from 4124-S60, fermented Miscanthus hydrolysate more 
efficiently than the laboratory-derived strain SR8. Furthermore, the addition of an in situ 
detoxification pathway led to further performance improvement. The approach described here for 
deriving a haploid clone from the polyploid ATCC 4124 strain should be generally applicable to 
any industrial S. cerevisiae strain.  Our long-term goal is to develop "industrial-strength" host 
strains that can easily be engineered to produce cellulosic biofuels in the laboratory and can be 
deployed successfully in commercial-scale biofuel plants.  Because each industrial strain may 
have evolved and adapted to a specific set of process conditions, we envision creating multiple 
hosts strains that are each optimized for a specific industrial process.   
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4.5 Table 
 
 
 
 
 
Table 4.1. Fermentation profiles of engineered strains in various fermentation conditions.  
 r xylose* P ethanol* r xylose P ethanol Y ethanol 
YP medium with 40 g/L Xylose (at 24h) 
DX123 0.15 ± 0.01 0.01 ± 0.01 0.15 ± 0.02 0.01 ± 0.01 0.04 ± 0.05 
4124-X123 0.19 ± 0.02 0.05 ± 0.00 0.51 ± 0.08 0.14 ± 0.01 0.28 ± 0.04 
S60u-X123 0.32 ± 0.01 0.10 ± 0.00 0.74 ± 0.01 0.24 ± 0.01 0.32 ± 0.00 
S60-X123 
pho13Δ 
0.46 ± 0.02 0.14 ± 0.00 1.16 ± 0.05 0.35 ± 0.00 0.30 ± 0.01 
IIK1 0.36 ± 0.00 0.11 ± 0.01 1.45 ± 0.01 0.46 ± 0.02 0.32 ± 0.01 
SR8 0.43 ± 0.00 0.13 ± 0.01 1.39 ± 0.00 0.43 ± 0.04 0.31 ± 0.00 
Miscanthus hydrolysates (at 36 h) Microaerobic (5g/L DCW) 
SR8 N/A N/A 0.63 ± 0.01 0.39 ± 0.00 0.32 ± 0.00 
IIK1 N/A N/A 1.10 ± 0.02 0.47 ± 0.00 0.28 ± 0.00 
Miscanthus hydrolysates (at 36 h) Anaerobic (5g/L DCW) 
IIK1 N/A N/A 1.23 ± 0.01 0.64 ± 0.00 0.35 ± 0.00 
IIK1A N/A N/A 1.32 ± 0.00 0.77 ± 0.00 0.40 ± 0.00 
 
Parameters: rxylose*, specific xylose consumption rate (g/g cell/h); P ethanol*, specific ethanol productivity (g/g cell/h); 
r xylose, xylose consumption rate (g/L/h); P ethanol, ethanol productivity (g/L/h); Y ethanol, ethanol yield (g/ g 
sugars).  
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4.6 Figures 
 A. 
 
B. 
 
Figure 4.1. Phenotypic characterization of laboratory (D452-2, L2612, CEN.PK2-1D, BY4741) 
and industrial (JAY270, JAY291, ATCC 4124, 4124-S60) yeast strains under industrially 
relevant conditions.  Glucose fermentation (A) was performed at 160 g/L with an initial cell 
density (OD600) of 1, and specific ethanol productivities (g/h/g cell) were calculated at 6 h.  
Growth assay (B) was performed on agar plates with or without fermentation inhibitors (furfural 
and HMF) and at 30 °C or 40 °C. All the cells were spotted with 10-fold serial dilution on the 
plates.
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Figure 4.2. Xylose fermentation profiles of engineered strains of laboratory (DX123) and industrial strains. Strains were engineered 
by integrating a plasmid containing a xylose utilization pathway (S. stipitis XYL1, XYL2, and XYL3) into strains D452-2 and ATCC 
4124, and into a uracil auxotroph of haploid 4124-S60, which resulted in DX123, 4124-X123, and S60u-X123, respectively.  A 
prototrophic version of the 4124-S60 strain was also engineered by insertion of the xylose utilization pathway, followed by PHO13 
deletion and PHO13/ALD6 double deletion.  The five resulting strains were tested in YP medium containing 40 g/L xylose under 
microaerobic conditions, and their xylose consumption (A), ethanol production (B), and cell biomass (OD600) (C) was shown. 
Symbols: DX123 (solid gray square), 4124-X123 (solid dark blue circle), S60u-X123 (light blue up-triangle), S60-X123 Δpho13 (dark 
blue down triangle), and S60-X123 Δpho13 Δald6 (IIK1) (dark blue diamond). 
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Figure 4.3. Glucose fermentation profiles of 14 mating-competent spore clones derived from the 
industrial strain ATCC 4124.  ATCC 4124 (dark-blue) and BY4741 (gray) were used as controls.  
The haploid spore clone 4124-S60 is indicated by a medium blue color. 
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Figure 4.4. Comparison of fermentation performance of a Miscanthus hydrolysate under 
microaerobic conditions with SR8 (laboratory haploid) (A) and IIK1 (industrial haploid) (B), and 
anaerobic fermentation of a Miscanthus hydrolysate with the engineered strain IIK1 (C) and 
improved strain IIK1A (D).  Symbols: Glucose (solid black circle), xylose (solid dark-blue 
square), xylitol (open diamond), glycerol (open triangle), acetate (solid blue triangle), and 
ethanol (solid blue circle). 
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4.7 Supplementary information 
Table 4.2. Strains used in this study 
Strain name Description Reference 
ATCC 4124 Molasses distillery yeast (69) 
ATCC 4124-X123 ATCC 4124 pSR6-X123 This study 
ATCC 4124 hoΔ2 ATCC 4124 ho::kanMX4, ho::pAUR101 This study 
APA2379  ATCC 4124 ho::kanMX4 This study 
APA2393 ATCC 4124 ho::kanMX4 This study 
APA2397 ATCC 4124 ho::hphMX4 This study 
APA2464 ATCC 4124 ho::natMX4 This study 
APA2467 ATCC 4124 ho::kanMX4, ho::natMX4 This study 
APA2470 ATCC 4124 ho::kanMX4, ho::natMX4 This study 
APA2473 ATCC 4124 ho::hphMX4, ho::natMX4 This study 
APA2460 ATCC 4124 ho::kanMX4, ho::hphMX4, 
ho::natMX4 
This study 
4124-S60 A haploid spore clone derived from 
ATCC 4124, ho::pAUR101 
This study 
4124-S60u A uracil auxotroph mutant (ura3-52) of 
4124-S60 
This study 
S60u-X123 4124-S60u ura3-52::pSR6-X123 This study 
S60-X123 4124-S60 pSR6-X123 This study 
S60-X123 pho13∆ 4124-S60 pSR6-X123 pho13:kanMX4 This study 
S60-X123 pho13∆ ald6∆ 
(IIK1) 
4124-S60 pSR6-X123 pho13:kanMX4, 
ald6:natMX4 
This study 
IIK1A IIK1 pITy3-pPGK1-CO_adhE-tPGK1 This study 
Non-haploid spore clones See Table 4.5; all derived from ATCC 
4124 
This study 
D452-2 A laboratory strain (70) 
DX123 D452-2 ura3-52::pSR6-X123 (71) 
SR8 An evolved strain of a DX123 derivative (72) 
JAY270 Brazilian ethanol yeast (1) 
JAY291 A haploid isolate of JAY270 (1) 
L2612 A laboratory strain (73) 
CEN.PK2-1D A laboratory strain  (74) 
BY4741 A laboratory strain derived from S288C (75) 
DBY7730 MATa mating type tester strain (39) 
DBY7442 MATα mating type tester strain (39) 
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Table 4.3. Primers used in this study 
Primers Descriptions Sequences 
JS1 (F) ho_MX4 5'-TTTCTATTACAACTATTAGCTCTAAATCCATATCCTCATA AGCAGCAATCAATTCTATCT CGTACGCTGCAGGTCGAC-3' 
JS2 (R) ho_MX4 
5'-TTAGCAGATGCGCGCACCTGCGTTGTTACCACAACTCTT 
ATGAGGCCCGCGGACAGCATCAATCGATGAATTCGAGCT 
CG-3' 
JS3 (F) ho_Aur 
5'-TTTCTATTACAACTATTAGCTCTAAATCCATATCCTCATA 
AGCAGCAATCAATTCTATCTGAGAACCTAGGATAATCGAT
AGCTC-3' 
JS4 (R) ho_Aur 
5'-TTAGCAGATGCGCGCACCTGCGTTGTTACACAACTCTT 
ATGAGGCCCGCGGACAGCACAGCAAGCTTCAACAGAGG
AAAG-3' 
JS5 (R) KanMX confirm 5'-CTGCAGCGAGGAGCCGTAAT-3' 
JS6 (F) KanMX_confirm 5'-TGATTTTGATGACGAGCGTAAT-3' 
JS7 (F) hphMX confirm 5'-ACGAGGTCGCCAACATCTTC-3' 
JS8 (F) natMX_confirm 5'-CACCTCTGGCTGGAGGTCAC-3' 
JS9 (R) Aur-confirm 5'-GCCTCTGCAGTAGTACCAAATCAG-3' 
JS10 (F) Aur-confirm 5'-ATGCCCATGGGTACAATGTC-3' 
JS11 (F) HO-LFH 5'-TACTTTGAATTGTACTACCGCTGGG-3' 
JS12 (R) HO-RFH 5'-TCCATCGAACAAACTGTCACTGAC-3' 
Jin367 (F) HO-275-F 5'-CCGCTGGGCGTTATTAGGTG-3' 
Jin368 (R) HO+388-R 5'-ACCAAGGCCATGTCTTCTCG-3' 
Jin387 Jin387_part-HO-F 5'-GGC GAGCTC ACGACTATTCTGATGGCTAACG-3' (SacI) 
Jin388 (R) Jin388_part-HO-R 5'-GCG TCTAGA CGTCACAGTAGCTGACATACC-3' (XbaI) 
Jin419 MAT1 5'-AGTCACATCAAGATCGTTTATGG-3' 
Jin420 MAT2 5'-GCACGGAATATGGGACTACTTCG-3' 
Jin421 MAT3 5'-ACTCCACTTCAAGTAAGAGTTTG-3' 
Jin407 (F)  pho13+kanMX4 5’-ACTGTGATACTAACGGGCAACTAC-3’ 
Jin408 R) pho13+kanMX4  5’-GAATTGGTCAACACTCTGAGCG-3’ 
Jin620 (F) pho13Δ_confirm 5’-ACTTATAAACTGCTGATGGAGC-3’ 
Jin410 (R) kanMX4_confirm  5’-CTTTTCCTTACCCATGGTTGT-3’ 
Jin726 (F) ald6+natMX4 5’-AACATCTTTAACATACACAAACACATACTATCAGAATA CATTTAGCTTGCCTTG TCCCCG-3’ 
Jin727 (R) ald6+natMX4  5’-TATTTTGTGTATATGACGGAAAGAAATGCAGGTTGGTA CAGTTTTCGACACTG GATGGCG-3’ 
Jin728 (F) ald6Δ_confirm 5’-AACACCGTTCGAGGTCAAGC-3’ 
Jin730 (R) natMX4_confirm 5’AGACGGTGTCGGTGGTGAAG-3’ 
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Table 4.4. Gene copy number analysis of single, double, and triple ATCC 4124 HO deletion 
strains, measured by Illumina sequencing. 
*Average read depth of 5,888 coding regions (based on Illumina sequencing coverage) was used 
to calculate relative copy number of target genes to the genome.  The average relative read depth 
for each MX4 drug cassette was 0.29, and the relative read depth of the HO gene in the triple 
deletion mutant (bold and shaded) was 0.01. Taken together, these results are consistent with 
ATCC 4124 being triploid. 
#Thirty-four reads were mapped discontinuously at the deletion junctions of the HO gene, 
yielding an average read depth of 1 (indicated in the bold text and gray highlights).  However, no 
reads were mapped within the deletion region.  
 
Strains 
 
Read depth* 
Genome HO kanMX4 hphMX4 natMX4 
Wild type ATCC 4124 Average 139.15 145.78 - - - 
Relative 1.00 1.05 - - - 
Single  
deletion 
APA2379 
(ho::kanMX4)  
Average 140.19 97.00 43.74 - - 
Relative 1.00 0.69 0.31 - - 
APA2393 
(ho::kanMX4) 
Average 139.69 97.84 42.89 - - 
 Relative 1.00 0.70 0.31 - - 
APA2397 
(ho::hphMX4) 
Average 130.75 89.67 - 40.64 - 
Relative 1.00 0.69 - 0.31 - 
APA2464 
(ho::natMX4) 
Average 119.53 93.21 - - 31.54 
Relative 1.00 0.78 - - 0.28 
Double 
deletion 
APA2467 
(ho::kanMX4, 
ho::natMX4) 
Average 145.97 52.61 40.69 - 32.89 
Relative 1.00 0.36 0.28 - 0.23 
APA2470 
(ho::kanMX4, 
ho::natMX4)                       
Average 132.39 46.95 43.53 - - 
Relative 1.00 0.35 0.33 - - 
APA2473 
(ho::hphMX4, 
ho::natMX4) 
Average 151.61 55.33 - 47.18 41.29 
Relative 1.00 0.36 - 0.31 0.27 
Triple 
deletion 
APA2460 
(ho::kanMX4, 
ho::hphMX4, 
ho::natMX4) 
Average 148.37 1.00# 45.25 48.33 37.78 
Relative 1.00 0.01 0.30 0.33 0.25 
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Table 4.5. Characteristics of 95 mating competent spore clones derived from ATCC 4124 
Strain name Systematic name Mating type Relative genome 
contents* 
Specific growth 
rate (1/h) 
CEN.PK2-1D - - 0.39 - 
ATCC 4124 - - 1.00 0.41 
4124-S1 YSJ0001 MATa 1.00 0.02 
4124-S2 YSJ0002 MATa 1.00 0.16 
4124-S3 YSJ0003 MATa 1.39 0.31 
4124-S4 YSJ0004 MATa 0.78 0.10 
4124-S5 YSJ0005 MATa 0.84 0.28 
4124-S6 YSJ0006 MATa 0.63 0.12 
4124-S7 YSJ0007 MATa 0.57 0.11 
4124-S8 YSJ0008 MATa 0.67 0.08 
4124-S9 YSJ0009 MATa 0.92 0.14 
4124-S10 YSJ0010 MATa 0.69 0.20 
4124-S11 YSJ0011 MATa 0.39 0.01 
4124-S12 YSJ0012 ΜΑΤα 0.80 0.14 
4124-S13 YSJ0013 ΜΑΤα 0.82 0.01 
4124-S14 YSJ0014 ΜΑΤα 0.39 0.16 
4124-S15 YSJ0015 ΜΑΤα 0.61 0.04 
4124-S16 YSJ0016 MATa 0.76 0.09 
4124-S17 YSJ0017 MATa 0.98 0.20 
4124-S18 YSJ0018 MATa 0.96 0.04 
4124-S19 YSJ0019 MATa 0.80 0.04 
4124-S20 YSJ0020 MATa ND 0.11 
4124-S21 YSJ0021 MATa ND 0.38 
4124-S22 YSJ0022 MATa 0.76 0.03 
4124-S23 YSJ0023 ΜΑΤα 0.98 0.03 
4124-S24 YSJ0024 MATa 0.86 0.05 
4124-S25 YSJ0025 MATa 0.65 0.06 
4124-S26 YSJ0026 MATa 1.08 0.08 
4124-S27 YSJ0027 ΜΑΤα 1.08 0.13 
4124-S28 YSJ0028 ΜΑΤα 0.39 0.16 
4124-S29 YSJ0029 ΜΑΤα 0.92 0.14 
4124-S30 YSJ0030 ΜΑΤα 0.51 0.12 
4124-S31 YSJ0031 MATa 0.51 0.08 
4124-S32 YSJ0032 ΜΑΤα ND 0.00 
4124-S33 YSJ0033 ΜΑΤα 0.59 0.05 
4124-S34 YSJ0034 MATa 0.49 0.06 
4124-S35 YSJ0035 ΜΑΤα 0.90 0.09 
4124-S36 YSJ0036 ΜΑΤα 0.45 0.04 
4124-S37 YSJ0037 ΜΑΤα 1.36 0.24 
4124-S38 YSJ0038 ΜΑΤα 0.64 0.11 
4124-S39 YSJ0039 ΜΑΤα ND 0.06 
4124-S40 YSJ0040 ΜΑΤα 1.00 0.14 
4124-S41 YSJ0041 ΜΑΤα 1.00 0.28 
4124-S42 YSJ0042 MATa 1.09 0.19 
4124-S43 YSJ0043 ΜΑΤα 0.45 0.25 
4124-S44 YSJ0044 MATa 0.91 0.25 
4124-S45 YSJ0045 MATa 1.09 0.24 
4124-S46 YSJ0046 ΜΑΤα ND 0.14 
4124-S47 YSJ0047 MATa 0.64 0.24 
4124-S48 YSJ0048 MATa 0.69 0.14 
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Table 4.5. (Cont.) 
Strain name Systematic name Mating type Relative genome 
contents* 
Specific growth 
rate (1/h) 
4124-S49 YSJ0049 ΜΑΤα 0.98 0.22 
4124-S50 YSJ0050 ΜΑΤα 0.65 0.09 
4124-S51 YSJ0051 ΜΑΤα 0.88 0.29 
4124-S52 YSJ0052 MATa 0.80 0.04 
4124-S53 YSJ0053 MATa 0.82 0.00 
4124-S54 YSJ0054 MATa 0.80 0.16 
4124-S55 YSJ0055 ΜΑΤα 0.84 0.19 
4124-S56 YSJ0056 ΜΑΤα 1.02 0.04 
4124-S57 YSJ0057 MATa 0.80 0.29 
4124-S58 YSJ0058 MATa 0.78 0.33 
4124-S59 YSJ0059 MATa 0.82 0.24 
4124-S60 YSJ0060 MATa 0.39 0.21 
4124-S61 YSJ0061 MATa 0.69 0.14 
4124-S62 YSJ0062 MATa 0.78 0.23 
4124-S63 YSJ0063 MATa 0.53 0.33 
4124-S64 YSJ0064 ΜΑΤα 0.88 0.22 
4124-S65 YSJ0065 ΜΑΤα 0.61 0.16 
4124-S66 YSJ0066 ΜΑΤα 0.84 0.19 
4124-S67 YSJ0067 ΜΑΤα 0.94 0.12 
4124-S68 YSJ0068 ΜΑΤα 1.10 0.31 
4124-S69 YSJ0069 ΜΑΤα 1.10 0.44 
4124-S70 YSJ0070 MATa 0.69 0.10 
4124-S71 YSJ0071 ΜΑΤα 0.88 0.19 
4124-S72 YSJ0072 MATa 0.82 0.25 
4124-S73 YSJ0073 MATa 0.86 0.26 
4124-S74 YSJ0074 MATa 0.98 0.19 
4124-S75 YSJ0075 ΜΑΤα 1.27 0.24 
4124-S76 YSJ0076 MATa 0.82 0.30 
4124-S77 YSJ0077 MATa 0.71 0.16 
4124-S78 YSJ0078 MATa 0.65 0.08 
4124-S79 YSJ0079 ΜΑΤα 0.75 0.19 
4124-S80 YSJ0080 ΜΑΤα 0.78 0.27 
4124-S81 YSJ0081 ΜΑΤα ND 0.15 
4124-S82 YSJ0082 ΜΑΤα 1.02 0.11 
4124-S83 YSJ0083 ΜΑΤα 0.82 0.35 
4124-S84 YSJ0084 ΜΑΤα 1.49 0.11 
4124-S85 YSJ0085 ΜΑΤα 0.88 0.23 
4124-S86 YSJ0086 ΜΑΤα 0.49 0.00 
4124-S87 YSJ0087 ΜΑΤα 0.78 0.18 
4124-S88 YSJ0088 ΜΑΤα 0.78 0.12 
4124-S89 YSJ0089 ΜΑΤα 1.02 0.27 
4124-S90 APA2546 MATa 0.88 0.29 
4124-S91 APA2550 ΜΑΤα 0.39 0.20 
4124-S92 APA2557 MATa 0.69 0.18 
4124-S93 APA2558 ΜΑΤα 0.55 0.14 
4124-S94 APA2560 MATa 0.43 0.24 
4124-S95 APA2561 ΜΑΤα 0.57 0.20 
*This could not be determined (ND) for some cells because of severe aggregation. 
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Table 4.6. Results of ploidy analysis based on Illumina read depth analysis 
Chromosome I II III IV V VI VII VIII IX X XI XII XIII XIV XV XVI 
ATCC 4124 3 3 2 3 3 3 3 3 3 3 3 3 3 3 3 3 
BY4741 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
4124-S10 2 2 2 2 2 2 2 2 2 3 3 2 2 2 2 2 
4124-S43 1 1 2 1 1 1 1 1 1 1 1 1 1 2 1 1 
4124-S47 1 1 2 1 1 1 1 1 2 1 1 2 1 1 1 1 
4124-S57 2 2 2 2 3 2 2 2 2 2 2 2 2 2 2 2 
4124-S58 1 2 2 2 2 1 2 3 2 2 2 2 2 2 2 2 
4124-S60* 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
4124-S62 1 1 2 1 1 1 1 2 2 1 1 1 1 1 1 1 
4124-S63 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
4124-S79 2 2 1 2 2 2 2 2 2 2 3 2 2 2 2 3 
4124-S80 2 2 1 2 2 2 2 2 2 2 2 2 2 2 2 2 
4124-S91 2 1 1 1 1 1 1 1 1 1 2 1 1 1 1 1 
4124-S92 2 2 1 2 2 2 2 2 2 2 2 2 2 2 2 2 
4124-S94 2 1 1 1 2 1 1 1 1 2 1 1 1 1 1 1 
4124-S95 1 1 1 1 1 1 1 2 2 2 1 1 1 1 1 1 
*Based on Illumina read depth analyses, only one spore clone (4124-S60, indicated in the bold text and gray highlights) was 
determined to be haploid. 
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Table 4.7. Detailed phenotypic characterization of 14 spore clones derived from ATCC 4124 with stable mating types 
*4124-S60, which was determined to be haploid, is indicated in bold text and gray highlights
Origin Strain 
name 
Systematic 
name 
Mating 
type 
Drug 
resistance 
Relative 
genome 
content 
Specific 
growth 
rate (1/h) 
Produced 
ethanol 
during 12 h 
(g/L) 
Specific 
ethanol 
productivity 
(g/h/g cell) 
Industrial polyploid ATCC 4124 - - - 1.00 0.41 63.16 1.06 
Laboratory haploid BY4741 - MATa - 0.39 0.30 36.34 0.76 
Spore clones derived 
from ATCC 4124   
4124-S10 YSJ0010 MATa AbAR 0.69 0.20 47.73 0.82 
4124-S43 YSJ0043 MATα AbAR 0.45 0.25 50.98 0.95 
4124-S47 YSJ0047 MATa AbAR 0.64 0.24 45.77 0.91 
4124-S57 YSJ0057 MATa - 0.80 0.29 51.60 1.08 
4124-S58 YSJ0058 MATa - 0.78 0.33 32.69 0.84 
4124-S60* YSJ0060 MATa AbAR 0.39 0.21 41.40 0.60 
4124-S62 YSJ0062 MATa - 0.78 0.23 22.33 0.66 
4124-S63 YSJ0063 MATa AbAR 0.53 0.33 61.20 1.32 
4124-S79 YSJ0079 ΜΑΤα AbAR 0.75 0.19 49.17 0.62 
4124-S80 YSJ0080 ΜΑΤα AbAR 0.78 0.27 51.87 1.02 
4124-S91 APA2550 ΜΑΤα G418R 0.39 0.20 47.05 1.04 
4124-S92 APA2557 MATa HygR 0.69 0.18 49.72 0.93 
4124-S94 APA2560 MATa HygR 0.43 0.24 45.14 0.70 
4124-S95 APA2561 ΜΑΤα HygR 0.57 0.20 33.96 0.67 
124 
 
 
 
 
 
 
Figure 4.5. The industrial strain ATCC 4124 consumes glucose more rapidly than other 
industrial and laboratory strains.  Glucose consumption and ethanol production are shown for 
industrial strain ATCC 4124, four laboratory strains (D452-2, L2612, CEN.PK2-1D, BY4741), 
and two other industrial strains (JAY270 and JAY291).  Batch fermentations were performed 
with 160 g/L glucose with an initial cell density (OD600) of 1.0 for 12 h. 
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Figure 4.6. A histogram of relative genome content (based on flow cytometry analysis) of 95 
mating-competent spore clones derived from ATCC 4124.  The haploid control strain 
(CEN.PK2-1D) and the triploid parent strain (ATCC 4124) are indicated by arrows. 
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Figure 4.7. The relationship between relative genome content and specific growth rate of 95 
mating-competent spore clones derived from ATCC 4124. 
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Figure 4.8. Comparison of fermentation performance of the SR8 (laboratory haploid) and IIK1 
(industrial haploid) strains using rich YP medium containing 40 g/l xylose.  Symbols: Cell 
biomass or/ OD600 (open circle), xylose (solid dark-blue square), xylitol (open diamond), 
glycerol (open triangle), acetate (solid blue triangle), and ethanol (solid blue circle). 
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Figure 4.9. Correlation between relative DNA content determined by flow cytometry and total 
chromosome number determined by Illumina ploidy analysis (y = 0.017x + 0.20; R2 = 0.73). 
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5.1 Introduction 
Due to the concerns about global warming and expanding energy consumption, the use of 
renewable and abundant non-food lignocellulosic feedstock for the production of alternative 
fuels and chemicals by microbial cells is drawing attentions (1). Microbial conversion utilizes 
simple fermentable sugars from the lignocellulosic feedstock that are commonly generated by 
diluted acid pretreatment and enzyme hydrolysis (2, 3).  Many inhibitors, such as acetic acid, 
furfural, hydroxymethylfurfural (HMF), and phenolic compounds are also produced during the 
pretreatment process that hinder the microbial growth and fermentation performances (4-7). 
Saccharomyces cerevisiae is recommended as an excellent microbial host for microbial 
conversion, due to its broad utilization as the most efficient biofuel producer from hexose sugars. 
It has better yield and productivity, higher tolerances and robustness toward ethanol, inhibitors, 
acidity and other pressures under industrial scale when compared with other microorganisms. 
However, S. cerevisiae does not naturally metabolize pentose sugars, especially xylose, the 
second most abundant sugar from lignocellulosic hydrolysates. Hence, numerous metabolic 
engineering studies were conducted to create an efficient xylose-fermenting strain (8-10). 
Although the resulting strains were able to increase the sugars utilization range, they are still not 
applicable to industrial settings due to the lower product yields, fermentation efficiency, and 
stress resistances. Therefore, an alternative strategy is to equip an established robust industrial 
host strain with better fermentative capacity and has distinctive characteristics resulting from the 
long-term evolutionary adaptation to be able to withstand extreme environmental conditions (11-
13).  Both industrial and laboratory efficient xylose-fermenting strains were constructed 
previously (Chapter 4) (10) in our laboratory, and the industrial strain outperformed the 
laboratory strain under the lignocellulosic fermentation. However, both of the industrial strain 
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(IIK1) and the laboratory strain (SR8) are particularly sensitive to low pH and perform poorly in 
limited nutrient condition (synthetic complete minimal medium) as media acidification happens, 
which is similar to lignocellulosic conditions with limited nitrogen sources. The synthetic 
complete minimal (SC) medium is preferred for both laboratory use and industrial scale 
application, due to scale-up process consistency, better control and monitoring, better product 
recovery and purifications, and fewer costs (14). To have an efficient fermentation process, the 
ideal pH range for microbial growth is maintained in both SC medium and lignocellulosic 
hydrolysates, which requires a high amount of neutralizing agents with better buffer capacity for 
the pH-controlled fermentation process. This continuous neutralizing pH process increases the 
medium cost, and a higher dose of the neutralizing agents also inhibit the microbial growth 
and/or desired product formation. The reason is that the usage of neutralizing agents increases 
the difficulties of the downstream process to purify the final desired value-added products, 
especially the organic acids as the final product (15).  
It is important to develop a low pH resistance strain to 1) reducing the cost of using 
neutralizing agents and increases the efficiency of downstream process  2) lowering the risks of 
bacterial contaminations, and 3) decreasing the usage of antibiotics, oxidants, or other 
microbicides for the prevention of bacterial contamination. Lower initial pH fermentation is 
considered a potential scalable and economically feasible solution for controlling bacterial 
contaminations (mainly lactic or acetic acid bacteria) during the lignocellulosic fermentation (16, 
17), especially when yeasts cells are recycled between batches of scale-up fermentations which 
also later increases the risks of contamination. To prevent the bacterial contamination, the yeast 
cells are treated with dilute sulphuric acid between pH 1.8-2.5 for 1-2 hours (18, 19), but this 
treatment also decreases the yeast viability and lowers the ethanol yield (20, 21). Therefore, the 
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main objective of this study is to reduce the usage of buffering agents by the development of a 
low pH resistance strain and identify the responsible genetic targets for improved tolerances 
under xylose fermentation.  
Previous attempts to improve the low pH resistance by rational genetic perturbation is 
often inefficient and also limited with well-studied genetic targets.  Some of the desired traits are 
more complex and require multiple genetic manipulations, such as the genes related to the cell 
wall biosynthesis/structure, high-osmolarity glycerol (HOG) pathway, and general stress 
response (GSR)  (20, 22-24).  An alternative approach to overcome the limitations of rational 
metabolic engineering is inverse metabolic engineering, which does not require extensive 
understanding of the biochemical and genetic information to obtain the desirable phenotype. 
Laboratory evolution is a type of inverse metabolic engineering, which develops strains under 
physical or chemical mutagenesis followed by direct selections at selected pressures (17, 25-28).  
Hence, laboratory evolution was performed in both industrial strain IIK1 and laboratory strain 
SR8 in SC medium via serial batch cultivation conditions on xylose and without buffers for pH 
control. The laboratory strain SR8 failed to evolve, but the industrial strain IIK1 successfully 
evolved, and the mutant strain IIK2 was isolated. The evolved IIK2 strain is capable of 
fermenting both glucose and xylose under a low pH condition in the SC medium. After genome 
sequencing to identify the possible mutations and to elucidate the mutations on the industrial 
strain IIK1 and the laboratory strain SR8, the new genetic target is identified responsible for the 
improved phenotype. Overall, this study revealed that ylr152cΔ is a new genetic target, together 
with pho13Δ, for improved xylose fermentation under the low pH conditions.  
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5.2 Material and methods 
5.2.1 Strain and plasmid construction  
All strains, plasmid, and primers used in this study are listed in (Table 5.2) Escherichia 
coli Top 10 was used for gene cloning and manipulation. E.coli was grown in Luria-Bertani 
medium at 37⁰C, and ampicillin (100 μg/mL) was added when required. Evolutionary 
engineering was carried out to improve the xylose fermentation under the synthetic complete (7 
g/L yeast nitrogen base with ammonium sulfate, 0.77 g/L of complete supplement mixture with 
appropriate amino acid dropout) medium with 40 g/L of xylose (SCX40)  at an initial optical 
density of 1.0 at 600 nm (OD600). The starting stains are both the efficient xylose-fermenting 
strains SR8 (a laboratory strain) and IIK1 (an industrial strain) with the same similar genetic 
modification and fermentation phenotype. By transferring the cultures to the fresh media when 
the cells reached the saturated state, stable phenotypes were observed after thirteen serial 
subcultures in the industrial strain. The resulting industrial strain was named IIK2.  On the other 
side, the laboratory strain SR8 failed to evolve in this condition.   
The S. cerevisiae YLR152C gene was PCR amplified from the genomic DNA of the 
laboratory strain D452-2 using primer pairs JIN 2690/JIN 4390 and cloned into plasmid 
pRS423GPD (ATCC® 87355TM)  using BamHI and HindII as the restriction enzyme sites, 
yielding the plasmid pRS423GPD-YLR152C. After the transformation of the plasmid into S. 
cerevisiae laboratory strains D452-2 and D452-2 pho13Δ to overexpress YLR152C, positive 
transformants were selected on synthetic complete medium with 20 g/L glucose (SCD20) with 
appropriate amino acid dropout. The strains overexpressing the YLR152C gene (D452-2 
YLR152C and D452-2 pho13Δ YLR152C) were obtained. The control strains were transformed 
with the empty plasmid, pRS423-GPD. 
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5.2.2 Strain construction using CRISPR-cas9 
The following method was modified from the previous papers describing S. cerevisiae 
genome engineering using CRISPR-Cas9 system (29) (30).  
(i) Plasmid p414-TEF1p-Cas9-CYC1t (Addgene Inc., no. 43802) carrying the cas9 cassette 
was used to modify the selection marker gene from TRP1 to ble (confers to phleomycin 
resistance). First, ble was PCR amplified with primers JIN 3187/JIN 3188. Second, the 
PCR fragment is double digested with SnaBI and MfeI and then ligated into the same 
enzyme digested plasmid p414-TEF1p-Cas9-CYC1t, which later generate the plasmid 
pCas9-Phle (Table 5.2). The TRP1 gene in the resulting plasmid was disrupted by the ble 
gene insertion into the middle of TRP1.  Another plasmid pCas9-Nat is reported in the 
previous study (30). 
(ii) Customized  Guide RNA (gRNA) with WHI2 specific (20bp) targeting sequence was 
synthesized by IDT (Coralville, IA, USA) as gBlocks gene fragment according to the 
design described in (Table 5.4). Primers JIN 2727/JIN 2728 were used to amplify the 
fragment and then digested with KpnI. The multicopy plasmid vector, pRS42H, was also 
treated with KpnI. Plasmid p42H-gRNA-WHI2 was generated after ligation and 
confirmation.Then Plasmid p42H-gRNA-YLR152C  was generated with divergent 
overlapping primers, JIN 3871/JIN 3872, following the FastCloning procedure (31). 
Lastly, PCR amplified the YLR152C-specific gRNA sequence from plasmid p42H-
gRNA-YLR152C using primers JIN 4492/JIN 4493. After enzyme digestion with EcoRV 
on both fragment and the vector plasmid p42H-gRNA-WHI2, the plasmid p42H-gRNA-
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WHI2-YLR152C is constructed. Another plasmid p42H-gRNA-PHO13 was also reported 
in the previous study (32).  
(iii) Donor DNAs were amplified with the primer pairs listed in (Table 5.3), including 
particular site mutations, Gly354fs (frameshift) in WHI2, Tyr555Cys in YLR152C, as 
well as the wild-type sequence for both WHI2 and YLR152C. An additional mutation in 
the PAM sequence was included for gRNA binding prevention. For the deletion, there 
was no need for an additional mutation in the PAM sequence due to the complete 
elimination of the gene coding region.   
(iv) The target strain IIK1 was first transformed with pCas9-Phle and plated on YP (10 g/L 
yeast extract, 20 g/L peptone) agar plate with 20 g/L glucose (YPD20) containing 25 
μg/mL phleomycin. The resulting strain IIK1-cas9 was then transformed with the guide 
RNA plasmid p42H-gRNA-WHI2, p42H-gRNA-YLR152C, or p42H-gRNA-WHI2-
YLR152C respectively and donor DNAs for each designated mutations on the YPD20 
agar plate containing 25 μg/mL phleomycin and 300 μg/mL of hygromycin B for 
selection. The same procedure was introduced into the evolved strain IIK2 for recreating 
the wild-type sequences in WHI2 and/or YLR152C. The resulting mutant strain IIK1 
mWHI2mYLR152C and the resulting wild-type strains IIK2 wWHI2wYLR152C were 
confirmed by Sanger sequencing. Deletion colonies (IIK1 whi2Δ, IIK1 ylr152cΔ, IIK1 
whi2Δylr152cΔ, IIK2 whi2Δ, IIK2 ylr152cΔ, and IIK2 whi2Δylr152cΔ) were confirmed 
by PCR from the upstream/downstream primers. Similar to industrial strains, the 
laboratory strains SR8 and D452-2 were first introduced with pCas9-NAT and plated on 
YPD20 agar plate containing 100 μg/mL nourseothricin (clonNAT). The assigned 
plasmid containing the guide RNA and donor DNA were transformed and plated on the 
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YPD20 agar plate with 100 μg/mL nourseothricin and 300 μg/mL hygromycin B. The 
resulting strains are SR8 whi2Δ, SR8 ylr152cΔ, SR8 whi2Δylr152cΔ, D452-2 ylr152cΔ, 
D452-2 pho13Δ, and D452-2 pho13Δ ylr152cΔ. 
 
5.2.3 Fermentation  
For flask fermentation, yeasts were first cultured in 5 mL of YPD20 medium or SCD20 
medium aerobically at 30°C. After harvesting and washing the cells with sterile ddH2O, oxygen-
limited fermentations were performed in 50 mL media in a 250-mL Erlenmeyer flask at 30°C at 
100 rpm with starting OD600 at 1. The media are either YP medium containing glucose 80 g/L 
(YPD80) with or without pH adjustment, YP medium containing xylose 40 g/L (YPX40), SC 
medium containing glucose 80 g/L (SCD80) with or without pH adjustment by NaOH or HCl, or 
SC medium containing xylose 40 g/L (SCX40).  
Bioreactor fermentation was performed to maintain the pH at 2.5. Pre-cultures were 
prepared overnight in 500 mL YPD20 medium aerobically at 30°C. Cells were harvested and 
washed with sterile ddH2O. The batch fermentation is carried out in 1 L SCD80 using 2-L 
benchtop fermentors (Bioflo® & CelliGen® 310, New Brunswick) at 30°C, pH 2.5, and the 
initial OD600 at 1. The agitation speed of 150 rpm and the air flow rate of 1.04 vvm were 
maintained throughout cultivation.   
 
5.2.4 Metabolite analysis 
Samples were taken at appropriate intervals and were quantified by high-performance 
liquid chromatography (HPLC, Agilent Technologies 1200 series) equipped with a refractive 
index detector. The Rezex ROA-Organic Acid H+ (8%) column (Phenomenex Inc., Torrance, 
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CA) was used to measure the metabolites such as glucose, xylose, xylitol, glycerol, acetate, and 
ethanol. The mobile phase (0.005 N H2SO4) was eluted at a flow rate of 0.6 mL/min at 50°C. 
Cell growth was monitored by the optical density (OD) at 600 nm using a UV-visible 
spectrophotometer (BiomateTM 3S, Thermo Scientific). All experiments are repeated in 
triplicates.  
 
5.2.5 Genome sequencing  
The whole genome of the wild-type IIK1 and the evolved IIK2 were sequenced and 
compared to discover any genetic changes in the evolved strain which might be responsible for 
their improved phenotypes. First, the genomic DNA from the S. cerevisiae IIK1 and the evolved 
IIK2 were prepared with the YeaStarTM Genomic DNA Kit (Zymo Research). Second, the 
paired-end shotgun DNAseq libraries were prepared with TruSeq DNAseq Sample Prep Kit 
(Illumina). Average DNA fragment size was 680 nucleotides (nt) and ranging between 530nt to 
900 nt. Third, the libraries were quantitated by qPCR and sequenced on one lane for 151 cycles 
from each end of the fragments on a HiSeq2500 using a TruSeq SBS sequencing chemistry and 
processed with Casava 1.8 in the Roy J. Carver Biotechnology Center at the University of 
Illinois at Urbana-Champaign. A total of ~18,000,000 reads were obtained from each strain, and 
each read is 150 nt in length. Fourth, the paired-end reads were analyzed in the CLC Genomic 
Workbench 8.0 (CLC Bio, Aarhus, Denmark, http://www.clcbio.com). The reads were trimmed 
with a quality score limit of 0.05 to eliminate low-quality data and assembled to the S. cerevisiae 
S288C reference genome. Variants were detected and filtered against the reference variants from 
S. cerevisiae S288C. Annotation and amino acid change analysis were carried out to call any 
possible single nucleotide variants (SNVs). Once the SNVs were identified from each strain 
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(IIK1 or IIK2) after filtered against from S288C, evolved IIK2 variants were filtered again from 
IIK1 variants and the possible single nucleotide polymorphism (SNPs) between IIK1 and IIK2 
was narrowed down.  
 
5.2.6 RT-qPCR 
RNA was extracted from the exponential growth cells during the fermentation as described 
previously (33).  Primers were listed in Table S2. 
 
5.3 Results 
5.3.1 Isolation of a mutant capable of fermenting xylose in synthetic complete medium 
through laboratory evolution 
An industrial S. cerevisiae strain (IIK1) was constructed with efficient xylose fermentable 
capability (Chapter 4), which is comparable with one of the highly optimized efficient xylose-
fermenting strain SR8 (10) in rich medium, YP medium with 40 g/L of xylose (Figure 5.1A). 
However, the xylose fermentation and growth rate were hindered under SC medium (defined 
medium), especially without any buffers (Figure 5.1B). The acidification (pH drastically 
reduced from 4.5 to 2.5 at the first 6h of the fermentation) of the medium leading to the cell 
sensitive to acid and low pH, especially under xylose condition. To overcome this defect, 
laboratory evolution based on serial subcultures was performed by inoculating both strains (IIK1 
and SR8)  in SC medium with 40 g/L of xylose without buffers at the initial OD600 of 1.0. The 
cells were then transferred to a new fresh media when the cells reached a saturated state in which 
they are unable to metabolize more sugars as well as growth. SR8 failed to evolve, and therefore, 
data was not included. After thirteen subcultures had been conducted and the changes of 
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phenotype were stabilized,  a spontaneous mutation with improved xylose consumption rate was 
observed during the repeated subculturing (Figure 5.2A). The IIK1 strain was evolved, and three 
isolated colonies were evaluated in the fermentation experiments with 40g/L xylose in SC 
medium (SCX40) without buffers. All three colonies were showing the similar fermentation 
profiles, and one colony was selected and named as the mutant strain IIK2. Next, the parental 
strain IIK1 and the mutant strain IIK2 were compared in the fermentation experiment in SCX40 
without buffers after pre-cultured in YPD20 overnight and washed with autoclaved water. The 
initial pH of the fermentation was around 4.5, and the initial cell density (OD600) was around ~1. 
The pH was drastically reduced to 2.5 within 12h during the SCX fermentation without buffers, 
leading to inhibitory effects of the parental strain IIK1, which could not metabolize all the sugar 
and slowed down at 24h (Figure 5.1B). Instead, the evolved strain IIK2 could metabolize all the 
sugar and showed improvements in growth,  xylose consumption rate and ethanol productivities 
(Figure 5.2B). The xylose consumption rate at 36h increased 50% from 0.638 g/L/h to 0.960 
g/L/h, and the ethanol productivities at 36h also improved 66% from 0.143 g/L/h to 0.237 g/L/h. 
 
5.3.2 Improved tolerance against lower pH in glucose condition 
Since the acidification of the defined SC medium is commonly observed during the 
fermentation, the phenotypes of both parental strain IIK1 and mutant strain IIK2 were evaluated 
in SC medium with 80 g/L of glucose (SCD80) at starting pH 2.5 without any buffers. Both 
strains were first pre-cultured in YPD20 overnight, and then the cells were harvested, washed 
with autoclaved water, and inoculated into the fermentation medium at initial OD ~1. Similar to 
SCX fermentation without buffer, the parental strain IIK1 was also not able to metabolize the 
sugar, and the inhibitory effects were more severe when the starting pH was at 2.5. As expected, 
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the IIK2 strain (Figure 5.3B) displayed a significantly improved tolerance against lower pHs in 
growth, glucose consumption rate, and the ethanol productivities whereas the parental strain was 
not able to metabolize all the glucose efficiently (Figure 5.3A). The glucose consumption rate at 
36h increased 338% from 0.462 g/L/h to 2.025 g/L/h, and the ethanol productivities at 36h also 
improved 274% from 0.136 g/L/h to 0.507 g/L/h. However, the mutant strain IIK2 had less 
ethanol yield, which was about 0.260 g/g glucose in the low pH fermentation, and the glycerol 
yield was 0.297 g/g sugar. In addition, the bioreactor fermentation was performed to maintained 
the pH at 2.5, and the results were shown with the same trend as compared with the shaker flask 
fermentation. The IIK2 strain exhibited a faster glucose consumption rate of 3.353 g/L/h, and the 
ethanol productivity was 0.884 g/L/h at 24h when compared with the IIK1 strain. The glycerol 
yield of the IIK2 strain was 0.228 g/g sugar and the ethanol yield was 0.259 g/g sugar (Figure 
5.8). The significant amount of glycerol production remains unclear but favorably caused by 
stress response under the low pH conditions, such as the induction of genes related to high-
osmolarity glycerol (HOG) pathway (20, 22, 24). Overall, this interesting phenotype of the 
mutant strain IIK2 suggested that there are important genetic elements which are responsible for 
improved low pH tolerances.  
 
5.3.3 Identification of genetic elements associated with improved metabolism in low pH 
condition 
Laboratory evolution strategies is a type of inverse metabolic engineering that has been 
proven to be highly effective in the optimization of strains with desired beneficial mutations in a 
selection environment. The next step was to analyze the whole genome to identify possible 
responsible gene targets for the desired phenotype after genome sequencing for further studies 
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(25-28). The mutant strain IIK2 and the parental strain IIK1 were subjected to genome 
sequencing and compared to identify genetic changes responsible for the improved xylose 
fermentation under SC medium during acidification. The industrial strains were first filtered 
against a laboratory reference strain (S288C) in the database to identify the possible single 
nucleotide variants (SNVs). The common SNVs were then eliminated in both industrial strains 
(IIK1 and IIK2) by filtering the evolved strain IIK2 against the parental strain IIK1 and 
narrowing down the only possible single nucleotide polymorphism (SNPs) between the two 
industrial strains.  
Approximately 183 single nucleotide polymorphisms (SNPs) were identified, and the 
majority of the SNPs were intergenic (non-coding regions) or synonymous (silent substitutions). 
Only two non-synonymous SNPs were identified in the mutant strain IIK2 as compared to the 
parental strain IIK1. The protein related with stress response and regulate cell cycle encoded by 
WHI2 (Whiskey 2) had a frameshift with glycine at the position 354 (G354fs), and the protein 
with unknown function encoded by YLR152C had a mutation from tyrosine to cysteine at 
position 1664 (Y1664C) (Table 5.1). Both SNPs (G354fs) in WHI2 and (Y1664C) in YLR152C 
were confirmed by Sanger sequencing of the PCR-amplified products from the genomic DNA of 
the mutant strain IIK2.  
 
5.3.4 Inverse metabolic engineering to transfer the identified genetic basis to obtain the 
desired phenotype  
After two missense mutations had been identified, G354fs in WHI2 and Y1664C in 
YLR152C, CRISPR-Cas9 based system was utilized to reconstruct both mutations and deletions 
into the parental strain IIK1 to elucidate the mutations that were responsible for improved 
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metabolism under low pH condition. CRISPR-Cas9 based genome editing has been efficiently 
and precisely demonstrated in S. cerevisiae strains previously (29, 30, 32-35), and the same tools 
were applied in this study for the strain constructions (See Material and Methods). Donor DNAs 
of the targeted SNP sequences with homology were PCR-amplified to repair a double-strand 
break in the ORF of WHI2 and YLR152C created by an RNA-guided DNA endonuclease (Cas9) 
and generated the IIK1 mWHI2mYLR152C strain. The deletion strains were designed with 
complete removal of the ORFs and replaced with the homologous repair donor DNAs, and the 
resulting strains are IIK1 whi2Δ, IIK1 ylr152cΔ, and IIK1 whi2Δylr152cΔ, respectively. In 
contrast, the mutant strain IIK2 was also recovered to parental strain IIK1 by introducing the 
repaired donor DNA of the wild-type SNPs by the CRISPR-cas9 system, and the IIK2 
wWHI2wYLR152C strain was generated. The IIK2 deletion strains were also constructed 
similarly as the IIK1 deletion strains, yielding IIK2 whi2Δ, IIK2 ylr152cΔ, and IIK2 
whi2Δylr152cΔ strains, respectively. All strains were confirmed by Sanger sequencing of the 
PCR-amplified products from the genomic DNA of the constructed strains.  
As results in the SCD pH 2.5 fermentation at 36h (Figure 5.4), the mutant strain IIK2 and 
the constructed strain IIK1 mWHI2mYLR152C consumed all the sugar efficiently and the glucose 
consumption rate were nearly identical (2.2 g/L/h and 2.3 g/L/h, respectively). Vice versa, the 
parental strain IIK1 and the constructed strain IIK2 wWHI2wYLR152C were also showing the 
identical phenotype, which is the defect in glucose consumption under low pH condition (0.59 
g/L/h and 0.48 g/L/h, respectively). The results suggested both mutations, G354fs in WHI2 and 
Y1664C in YLR152C, were responsible for the enhanced tolerance under low pH condition. 
Also, there was no improvement in the strain IIK1 whi2Δ with 0.54 g/L/h glucose consumption 
rate, while 118% improvement was observed in IIK1 ylr152cΔ  strain with 1.29 g/L/h glucose 
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consumption rate and 247% improvement in double deletion strain IIK1 whi2Δylr152cΔ with 
2.06 g/L/h glucose consumption rate. Conversely, no significant differences were observed in 
IIK2 deletions strains, IIK2 whi2Δ, IIK2 ylr152cΔ, and IIK2 whi2Δylr152cΔ. The glucose 
consumption rates were 2.11 g/L/h, 2.11 g/L/h, and 1.96 g/L/h, respectively. These results 
suggested that both mutations, G354fs in WHI2 and Y1664C in YLR152C, are deletion effects, 
and these synergetic effects of improved low pH tolerances only happened when both whi2 and 
ylr152c were deleted in the industrial strain.  
 
5.3.5 Elucidation of the mutations responsible for the improved phenotype in the 
laboratory strain  
Furthermore, these beneficial mutations were implied and tested in the laboratory strain. 
Same deletions were introduced into efficient xylose-fermenting laboratory strain SR8 (10) since 
it was failed to evolve at the beginning of this study, and the resulting strains are SR8 whi2Δ, 
SR8 ylr152cΔ, and SR8 whi2Δylr152cΔ, respectively. The SCD80 fermentation at pH 2.5 was a 
lot slower in the laboratory strains as compared with industrial strain. Therefore, the glucose 
consumption rates of the constructed strains were compared at 120h rather than 36h. At 120h 
(Figure 5.5), the laboratory parental strain SR8 has 0.34 g/L/h glucose consumption rate, 
whereas SR8 whi2Δ has no differences with the parental strain with 0.36 g/L/h glucose 
consumption rate. Both strains SR8 ylr152cΔ and SR8 whi2Δylr152cΔ showed 77% 
improvement with identical glucose consumption rate at 0.61 g/L/h as compared with parental 
strain SR8. These results suggested that there is no synergetic effect of both WHI2 and YLR152C 
in laboratory strain. Since the single deletion ylr152cΔ and double deletions whi2Δylr152cΔ were 
indistinguishable, it indicated that only ylr152cΔ is needed to improve the low pH tolerance in 
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glucose condition. However, the low pH tolerance is not as effective as in industrial strain due to 
the strain background.  
Next, xylose fermentation was also examined with the deletion strain SR8 ylr152cΔ and 
compared with the parental strain SR8 in SCX40 without buffers, which the initial pH was 4.5 
and decreased to pH 2.5 throughout the fermentation. As expected, the SR8 ylr152cΔ strain 
(Figure 5.6B) was able to finish the xylose fermentation with a xylose consumption rate of 0.694 
g/L/h at 48h, whereas the parental strain SR8 could not metabolize all the sugar after 48h, and 
the xylose consumption rate was 0.473 g/L/h (Figure 5.6A). The ethanol productivities were 
0.140 g/L/h for the SR8 strain and 0.211 g/L/h for the SR8 ylr152cΔ strain at 48h. This result 
suggested that ylr152cΔ is a beneficial target for both industrial and laboratory strain for both 
glucose and xylose fermentation under low pH conditions.  
 
5.3.6 Relationship between pho13 deletion and ylr152c deletion 
Since the ylr152cΔ is a beneficial target, the same deletion was implied to the wild-type 
D452-2 strain to validate the effect. However, no beneficial phenotype was observed in the 
D452-2 ylr152cΔ stain. Only when the stains are pho13Δ mutants, such as D452-2 pho13Δ, the 
laboratory strain SR8 (10), and the industrial strain IIK1(Chapter 4), ylr152cΔ had effectively 
improved the fermentation under low pH condition.  Studies had found that pho13Δ upregulated 
PP pathway essential genes for an efficient xylose fermentation, and it also upregulated 
YLR152C four folded in glucose condition and six folded in xylose condition (33). Reverse 
transcription quantitative PCR (RT-qPCR) was performed to confirm the YLR152C gene 
expression level using the RNA samples from the strains D452-2 and D452-2 pho13Δ grown in 
SCD80. The transcript abundance of the YLR152C was 4-fold higher in the D452-2 pho13Δ 
157 
 
 
strain (Figure 5.9), in the agreement with the previous RNA-seq results. The previous study also 
demonstrated that Stb5 is a transcription factor upregulated by pho13Δ, and it played a role in the 
transcriptional changes of other genes induced by pho13Δ (33). One example is the upregulated 
GND1 in the pentose phosphate pathway and the Stb5-binding sequence (CGGTGTTA) which 
was located 262 bp upstream from the GND1 coding region. Also, the Stb5-binding sequenced 
was found located at 270 bp upstream of the YLR152C coding region, suggesting that Stb5 
mediates the expression level of YLR152C induced in the pho13Δ mutant. 
To explain why the beneficial phenotype of ylr152cΔ was only observed in strains with 
pho13Δ, one suggestion was that pho13Δ had detrimental effects on lower pH resistances and 
ylr152cΔ could rescue the phenotype. Therefore, the toxicity of YLR152C overexpression was 
examined in the common laboratory strains, D452-2, and D452-2 pho13Δ, in SCD80 pH 2.5 to 
demonstrate this hypothesis. As a result, overexpression of YLR152C decreased the growth rate 
and the glucose consumption rate in both D452-2 (0.746 g/L/h at 72h) and D452-2 pho13Δ 
(0.530 g/L/h at 72h) as compared with the parental strain D452-2 (0.943 g/L/h). This results 
suggested that overexpression of YLR152C are harmful to the cell when growing at pH 2.5. The 
glucose consumption rate of the D452-2 ylr152cΔ strain (0.994 g/L/h) showed no differences 
with the parental strain D452-2. Moreover, the D452-2 pho13Δ strain showed lower glucose 
consumption rate (0.617 g/L/h) as compared with D452-2, which demonstrated that pho13Δ led 
to overexpression of YLR152C and causing the decreased glucose consumption rate. Lastly, the 
deletion of ylr152c in D452-2 pho13Δ (0.838 g/L/h) can rescue the harmful phenotype (Figure 
5.7). Many studies showed that pho13Δ is necessary for efficient xylose fermentation, but this 
study demonstrated the pho13Δ mutants are more vulnerable to lower pH as compared with their 
parental strain, and ylr152cΔ was established to rescue the adverse outcome of pho13Δ in this 
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study. Therefore, ylr152cΔ and pho13Δ are recommended for improved xylose fermentation in 
this study. 
 
5.4 Discussion 
Acidification of the medium is a common phenomenon during the fermentation. It is a 
general response that collates with the starting glucose concentration in the fermentation, dietary 
restriction can attenuate the acidification, and it also correlates inversely with the chronological 
life span of yeast (36-38). This acidification can hinder cell growth and sugar metabolism. 
During the fermentation, a tiny trace amount of organic acid production will cause the pH 
deviation and leading yeasts to be sensitive to that small pH deviation. Their toxic effects are 
attributed to the concentration of undissociated form of the acid in the fermentation media. Once 
the extracellular pH is lower than the pKa value, undissociated weak acids can diffuse freely 
across the plasma membrane and dissociated in the cytosol with neutral pH, and thus decrease 
the intracellular pH by releasing anion and proton. The acidification thereby inhibits the 
important metabolic process. Maintaining a neutral intracellular pH is crucial for cell viability. 
Therefore, cells attempt to maintain the pH homeostasis by pumping out protons through the 
plasma membrane with ATPase, and this process consumes ATPs. The deficiency of ATP from 
cell exhaustion causes the inhibition of biomass formation and cell growth (5, 39, 40). Moreover, 
accumulation of anion also has an inhibitory effect which affects the cell turgor pressure (39). On 
the other hand, the lethal concentration of acetate can induce reactive oxygen species (ROS) 
accumulation, mitochondrial dysfunction, and eventually programmed cell death (41-43). Also, a 
strong inorganic acid such as HCl and H2SO4 can lower the external pH in the presences of their 
dissociated form. Even though it can not permeate through the cell plasma membrane, they can 
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inhibit cell proliferation and viability by denaturing enzymes on cell surfaces, and lower the 
cytoplasmic pH by increasing the proton permeability when the pH gradient is high between 
extracellular pH and intracellular pH. The cell replicative activity has been found to decrease 
linearly with the decreasing intracellular pH. The optimal external pH for growth and 
fermentation of S. cerevisiae is ranging from 3.5 to 6.0 (5, 39, 40, 44).  Therefore, this study is 
focused on identifying the genetic targets that can improve the low pH resistance during the 
xylose fermentation.  
Two optimized xylose-fermentation strains (industrial strain IIK1 and laboratory strain 
SR8) were developed in the previous studies (Chapter 4), and they were both constructed with 
the loss of function in PHO13 (alkaline phosphate).  The deletion of PHO13 led to the 
upregulation of the genes related to the pentose phosphate pathway (33, 35, 45), but they also 
caused the cells to be more susceptible towards lower pH and performed poorly in SC medium, 
especially in xylose condition. The major reason is that pho13Δ induced a transcription factor 
Stb5, and it upregulated the expression of YLR152C. In the present study, the strain with the 
expression of YLR152C have growth defects and a reduced glucose consumption rate at the low 
pH condition, and this detrimental effect was also observed in the pho13Δ strains. Thus, 
ylr152cΔ is a beneficial target to rescue the detrimental effects of pho13Δ mutants. No other 
defects were found with the ylr152cΔ mutant when compared with the wild-type strain. These 
findings demonstrated both pho13Δ and ylr152cΔ are essential genetic targets for efficient xylose 
fermentation under low pHs conditions.   
In this study, the synergic effect of both WHI2 and YLR152C deletions was only observed 
in industrial strain. Whi2 is a protein that involved in the cell proliferation and nutrient-
dependent cell cycle arrest, and acetic acid resistances were improved by the overexpression of 
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WHI2  (46-53). However, the industrial strains are highly heterozygous, and the expression 
levels of certain genes might vary among strain backgrounds. The allele of WHI2 from the 
industrial strain has 12 SNPs when compared with the reference laboratory strain (S288C), and 
the phenotype of whi2Δ with improved glucose consumption rate in industrial strain was not 
reflected in the laboratory strain with the same deletion. On the other hand, the phenotype of 
ylr152cΔ was observed in both laboratory and industrial strain. Ylr152c is an uncharacterized 
protein with unknown function. The protein sequence of YLR152C exhibited less than 30% 
homology with two other yeasts genes with unknown functions, ECM3 and YNL095C. It is 
predicted to be an integral membrane protein with ten transmembrane domains by HMMTOP. 
The mutant with ylr152cΔ is viable and shows no growth defects as compared to wild-type (54). 
No detailed scientific studies were performed to underlie the mechanism of Ylr152c because it 
was believed to be a non-essential gene. One study stated that YLR152C is upregulated with their 
improved xylose-fermenting strain from their continuous cultivation (55), while another study 
indicated that pho13Δ improved the xylose fermentation and also upregulated the YLR152C (33). 
Therefore, I suspect the study by Bengtsson et al. already had the loss of function in PHO13 
during the continuous cultivation, and which led to the upregulation of YLR152C. Taken 
together, these findings suggest the need for future research to investigate the biological function 
of YLR152C, and to gain further insight in understanding the connections among YLR152C, 
PHO13, STB5, and low pH conditions. Lastly, I envision that the construction of a stable 
industrial strain with all the necessary genetic perturbation will enable an economical and 
environmental friendly lignocellulosic bioconversion of value-added products at lower pH 
without bacterial contamination and less usage of neutralizing agents.  
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5.5 Table 
 
 
 
 
 
 
 
Table 5.1. The SNPs identified in the evolved IIK2 strain as compared with the parental IIK1 
strain.  
Chr Region Type Reference Allele Coding Region 
Amino Acid 
Change 
Non-
Synonymous Gene 
XV 411930 Del G - YOR043W Gly354fs Yes WHI2 
XII 444622 SNV A G YLR152C Tyr555Cys Yes  
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5.6 Figures 
 
 
 
 
Figure 5.1. The xylose fermentation of the engineered industrial strain IIK1 in rich medium with 
40 g/L of xylose (YPX40) (A) and in synthetic complete minimal medium (SCX40) without no 
buffer nor pH adjustment, so the initial pH started from 4.5 and dropped to 2.5 within 12h (B).  
Solid triangle (Xylose), Solid circle, (OD600), Open diamond (Xylitol), Open up-triangle 
(Glycerol), Open down-triangle (Acetate), and Solid square (Ethanol).  
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Figure 5.2. Serial transfers in synthetic complete minimal (SCX40) medium without pH adjustment and buffers (A). The xylose 
fermentation profile of the evolved strain IIK2 in SCX40 medium without buffer and pH adjustment and the initial pH is 4.5 and then 
dropped to 2.5 within 12h (B). Solid triangle (Xylose), Solid circle, (OD600), Open diamond (Xylitol), Open up-triangle (Glycerol), 
Open down-triangle (Acetate), and Solid square (Ethanol).
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Figure 5.3. Fermentation profile of the industrial strain IIK1 (A) and its evolved strain IIK2 (B) 
under SC medium with 80 g/L of glucose (SCD80) at pH 2.5. Solid triangle (Glucose), Solid 
circle, (OD600), Open diamond (Xylitol), Open up-triangle (Glycerol), Open down-triangle 
(Acetate), and Solid square (Ethanol). 
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Figure 5.4. Glucose consumption rate (at 36h) of all the engineered industrial strains in SCD80 
at pH 2.5. Parameters: m, mutated allele; w, wild-type allele; KO, knockout.  
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Figure 5.5. Glucose consumption rate (at 120h) of all the engineered laboratory strains in 
SCD80 at pH 2.5. Parameter: KO, knockout.  
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Figure 5.6. The xylose fermentation comparison between the SR8 strain (A) and the mutant SR8 
ylr152cΔ strain (B) in synthetic complete minimal medium (SCX40) without no buffer nor pH 
adjustment, so the initial pH started from 4.5 and dropped to 2.5 within 12h. 
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Figure 5.7. Glucose consumption rate (at 120h) of all the constructed laboratory strains in 
SCD80 at pH 2.5. This figure illustrated the relationship among the mutants with pho13Δ, 
ylr152cΔ, and overexpression of YLR152C in the wild-type D452-2 strain.  
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5.7 Supplementary information 
Table 5.2. Strains and plasmids used in this study 
Strains or plasmids Description References 
Strains   
 
D452-2 MATa leu2 his3 ura3 can1  (56) 
SR8 Efficient xylose-fermenting laboratory strain (S. 
stipitis XYL1, XYL2, XYL3, evolved, ald6Δ:AUR1-C) 
(10) 
IIK1 Efficient xylose-fermenting industrial strain (S. stipitis 
XYL1, XYL2, XYL3, hoΔ:AUR1-C pho13Δ::kanMX 
ald6Δ::natMX ) 
Chapter 4 
IIK2 An evolved industrial strain of IIK1 This study 
IIK1 cas9 IIK1 pCas9-Phle This study 
IIK2 cas9 IIK2 pCas9-Phle This study 
IIK1 mWHI2mYLR152C IIK1 with point mutation in WHI2 and YLR152C This study 
IIK2 wWHI2wYLR152C IIK2 with point mutation in WHI2 and YLR152C This study 
IIK1 whi2Δ IIK1 with whi2 deletion by cas9 This study 
IIK1 ylr152cΔ IIK1 with ylr152c deletion by cas9 This study 
IIK1 whi2Δylr152cΔ IIK1 with whi2 and ylr152c deletion by cas9 This study 
IIK2 whi2Δylr152cΔ IIK2 with whi2 and ylr152c deletion by cas9 This study 
SR8 cas9 IIK1 pCas9-NAT This study 
SR8 whi2Δ SR8 with whi2 deletion by cas9 This study 
SR8 ylr152cΔ SR8 with ylr152c deletion by cas9 This study 
SR8 whi2Δylr152cΔ SR8 with whi2 and ylr152c deletion by cas9 This study 
D452-2 423 D452-2 pRS423GPD This study 
D452-2 YLR152C D452-2 pRS423GPD_YLR152C This study 
D452-2 cas9 D452-2 pCas9-NAT This study 
D452-2 ylr152cΔ D452-2 with ylr152c deletion by cas9 This study 
D452-2 ylr152cΔ  D452-2 with ylr152c pRS423GPD This study 
D452-2 pho13Δ D452-2 with pho13 deletion by cas9 This study 
D452-2 pho13Δ  D452-2 pho13Δ pRS423GPD This study 
D452-2 pho13Δ YLR152C D452-2 pho13Δ pRS423GPD_YLR152C This study 
D452-2 pho13Δ ylr152cΔ  D452-2 pho13Δ ylr152cΔ pRS423GPD This study 
Plasmids   
pRS423GPD HIS3, PGPD-TCYC1, 2μ, ampR ATCC® 87355TM 
pRS423GPD-YLR152C HIS3, PGPD-YLR152C-TCYC1, 2μ, ampR This study 
pCas9-NAT A single-copy plasmid containing cas9 and a natMX 
marker 
(30) 
pCas9-Phle A single-copy plasmid containing cas9 and a bleMX 
marker 
This study 
p42H-gRNA-WHI2 A multi-copy plasmid containing a guide RNA and a 
hphMX marker 
This study 
p42H-gRNA-YLR152C A multi-copy plasmid containing a guide RNA and a 
hphMX marker 
This study 
p42H-gRNA-WHI2-
YLR152C 
A multi-copy plasmid containing two guideRNA and 
a hphMX marker 
This study 
p42H-gRNA-PHO13 A multi-copy plasmid containing two guideRNA and 
a hphMX marker 
(32) 
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Table 5.3. Primers used in this study 
Primers Descriptions Sequencesa 
Cloning    
JIN 2056 WHI2 amplification (F) 5’-GAAAGCGCAAGAAGACAACTCC-3’ 
JIN 2057 WHI2 amplification (R) 5’-GTCTTTGGCCCGATCTCTTTCC-3’ 
JIN 2058 WHI2 sequencing (F1) 5’-AAGCGCAAGAAGACAACTCC-3’ 
JIN 2059 WHI2 sequencing (F2) 5’-TTCGAGCAACAATGAGCAGG-3’ 
JIN 2060 WHI2 sequencing (F3) 5’-AACAAGCGGAAGTACAGCAC-3’ 
JIN 2061 YLR152C amplification/ deletion 
confirmation (F) 
5’-ACCTCCGAAGTCCATGTTGC-3’ 
JIN 2062 YLR152C amplification/ deletion 
confirmation (R) 
5’-ACTCAGCATCCTCCTCTGAC-3’ 
JIN 2063 YLR152C sequencing (F1) 5’-GTAGGCATACGTCGAGGAAC-3’ 
JIN 2064 YLR152C sequencing (F2) 5’-AGAGCATGGGTAACGGCTCC-3’ 
JIN 2065 YLR152C sequencing (F3) 5’-AGAAGTTGGAAGCAGGAACG-3’ 
JIN 2066 YLR152C sequencing (F4) 5’-TTATACGCCAGCATGTGGTG-3’ 
JIN 2203  WHI2 deletion confirmation (F) 5’-CTCGGCGTCAGTTTAGAGTC-3’ 
JIN 2572  WHI2 deletion confirmation (R) 5’-GGGATGGGAAGATACGAAGAG-3’ 
JIN 2690 YLR152C Overexpression (F) 
(BamHI) 
5’-GGGCCCAGATCT GGATCC 
ATGTCCCTTTCTCTGGGTGC-3’ 
JIN 4390 YLR152C Overexpression (R) 
(HindIII) 
5’-GGGCCCAGATCT AAGCTT 
TCAAACTTTTAAATCGACCT-3’ 
CRISPR/cas9  
JIN 3187 Ble amplification (SnaBI) (F) 5’-GGGCCCAGATCT TACGTA 
TAGGTCTAGAGATCTGTTTA-3’ 
JIN 3188 Ble amplification (MfeI) (R) 5’-GGGCCCAGATCT CAATTG 
ATTAAGGGTTCTCGAGAGCT-3’  
JIN 3340  pCas9-phle confirmation (F) 5’-GTCCCACCTGCTTCTGAATC-3’ 
JIN 3188 pCas9-phle confirmation (R) 5’-AGCTTGTCTGTAAGCGGATG-3’ 
JIN 2727 gBlock amplification (KpnI) (F) 5’-TCTACAGCGGCCGCGGTACCTCTT-3’  
JIN 2728 gBlock amplification (KpnI) (R) 5’-TATAGAGCGGCCGCGGTACCAGAC-3’  
JIN 2928 Mutant WHI2 donor DNA 
amplification (F) 
5’-TCTAACAGTAACATTTCTACAGCAAGGAATTT 
AACAAGCGAAGTACAGCATCTGCTACAGCACGTG 
ATAAGAGAAAATCAAGGCTGTCGA-3’ 
JIN 2929 Mutant WHI2 donor DNA 
amplification (R) 
5’-AGAGTGCGAACGAACGTTATCTGCTAGTTTCG 
ACAGCCTTGATTTTCTCTTATCACGTGCTGTAGCA 
GATGCTGTACTTCGCTTGTTAAA-3’ 
JIN 3871 guideRNA amplification (F) for 
p42H-gRNA-YLR152C  
5’-cagtgatgaaaagaatcgcaGATCATTTATCTTTCACTGC 
GGA-3’ 
JIN 3872 guideRNA amplification (R) for 
p42H-gRNA-YLR152C 
5’-tgcgattcttttcatcactgGTTTTAGAGCTAGAAATAGCA 
AG-3’  
JIN 4199  Mutant YLR152C donor DNA 
amplification (F) 
5’-CACATTCAAATGAACTGTTTGTCCGTCTTATTT 
GTCATGCAGTGTGCGATTCTTTTCATCACTGTTG 
CGTTTGTTGTTACATATACCTTA-3’ 
JIN 4200 Mutant YLR152C donor DNA 
amplification (R) 
5’-GGGATATAATCAAACTTTTAAATCGACCTTTA 
AGGTATATGTAACAACAAACGCAACAGTGATGA 
AAAGAATCGCACACTGCATGACAAA-3’ 
JIN 4309  Wild-type WHI2 donor DNA 
amplification (F) 
5’-TCTAACAGTA ACATTTCTAC AGCAAGGAAT 
TTAACAAGCG GAAGTACAGC ACCTGCAACT 
GCACGTGATA AGAGAAAATC AAGGCTGTCG-3’ 
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Table 5.3. (cont.) 
 
Primers Descriptions Sequencesa 
CRISPR/cas9  
JIN 4310 Wild-type WHI2 donor DNA 
amplification (R) 
5’-AGAGTGCGAACGAACGTTATCTGCTAGTTTC 
GACAGCCTTGATTTTCTCTTATCACGTGCAGTTGC
AGGTGCTGTACTTCCGCTTGTTAA-3’ 
JIN 4311 Wild-type YLR152C donor DNA 
amplification (F) 
5’-CACATTCAAA TGAACTGTTT GTCCGTCTTA 
TTTGTCATGC AGTATGCGAT TCTTTTCATC 
ACTGTTGCGT TTGTTGTTAC ATATACCTTA-3’ 
JIN 4312 Wild-type YLR152C donor DNA 
amplification (R) 
5’-GGGATATAATCAAACTTTTAAATCGACCTTTA 
AGGTATATGTAACAACAAACGCAACAGTGATGAA
AAGAATCGCATACTGCATGACAAA-3’ 
JIN 4492 gRNA amplification for p42H-
gRNA-WHI2-YLR152C (F) 
(EcoRV)  
5’-TCTACAGCGGCCGCGATATCTCTTTGAAAAGAT 
AATG TAT-3’ 
JIN 4493 gRNA amplification for p42H-
gRNA-WHI2-YLR152C (R) 
(EcoRV)  
5’-TATAGAGCGGCCGCGATATCAGACATAAAAAAC 
AAA AAAA-3’ 
JIN 4524 whi2 deletion Donor DNA 
amplification (F) 
5’-CCCGCCTCCCCATTAATTGATAAAGATAAAGG 
TTGTCTGAGCTTACACTTATTATAAACAGT
GTATATAATATATTAGAGAAAGAAATGG-3’ 
JIN 4525 whi2 deletion Donor DNA 
amplification (R) 
5’-GAAAGAGGGGATACCAAGAAACCATACTGTTA 
CATATTGTGTCTTTGGCCCGATCTCTTTCCATTTCT
TTCTCTAATATATTATATACAC-3’ 
JIN 4526 ylr152c deletion Donor DNA 
amplification (F) 
5’-AAGGTCTATCATTTTTATATGGTGGAAACGATT 
TTCTAGTACTACAATAAATGAACCAAGTT
ATATCCCTAGGCGAATAGGTATATACAA-3’ 
JIN 4527 ylr152c deletion Donor DNA 
amplification (R) 
5’-GATTGGAATTCATCGCTACTTTTGAAAAAACA 
GAATATATAAGTTGATAATAAGCTACTCTTGTATA
TACCTATTCGCCTAGGGATATAA-3’ 
JIN 3900 pho13 deletion donor DNA 
amplification (F) 
5’-AGCCAAATCACAAAAAAAGCCTTATAGCTTGC 
CCTGACAAAGAATATACAACTCGGGAAAGGGAA 
CAAAAGCTGGAGCTC-3’ 
JIN 4048 pho13 deletion donor DNA 
amplification (R) 
5’-AACCTGAATATTTTTCCTTTTCAAAAAGTAATT 
CTACCCCTAGATTTTGCATTGCTCCTCGGCCGCAA
ATTAAAGCCTTC-3’ 
JIN 5549 RT-PCR YLR152C (F) AGTGGTCGGACTTGATTTTAGAG 
JIN 5550 RT-PCR YLR152C (R) TGATAGGCATTTGTAGGACGTG 
JIN 497  RT-PCR ACT1 (F) GCCTTCTACGTTTCCATCCA 
JIN 498 RT-PCR ACT1 (R) GGCCAAATCGATTCTCAAAA 
 
aSequences with underlined letters representing the restriction site, and lower case letters representing the targeting 
sequences for cas9. 
  
172 
 
 
 
 
 
 
 
Table 5.4. gBlock sequences or Donor DNA sequences used in this study 
gBlock/Donor DNA Sequencesa 
gBlock   
gBlock-WHI2 TCTACAGCGGCCGCGGTACCTCTTTGAAAAGATAATGTATGATTATGCTTTCAC
TCATATTTATACAGAAACTTGATGTTTTCTTTCGAGTATATACAAGGTGATTACA
TGTACGTTTGAAGTACAACTCTAGATTTTGTAGTGCCCTCTTGGGCTAGCGGTA
AAGGTGCGCATTTTTTCACACCCTACAATGTTCTGTTCAAAAGATTTTGGTCA
AACGCTGTAGAAGTGAAAGTTGGTGCGCATGTTTCGGCGTTCGAAACTTCTCC
GCAGTGAAAGATAAATGATCctcttatcacgtgctgtagcGTTTTAGAGCTAGAAATAGCA
AGTTAAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGT
GGTGCTTTTTTTGTTTTTTATGTCTGGTACCGCGGCCGCTCTATA  
Donor DNA  
 
Mutant WHI2 TCTAACAGTAACATTTCTACAGCAAGGAATTTAACAAGCG-
AAGTACAGCACCTGCTACAGCACGTGATAAGAGAAAATCAAGGCTGTCGAA
ACTAGCAGATAACGTTCGTTCGCACTCT 
Mutant YLR152C CACATTCAAATGAACTGTTTGTCCGTCTTATTTGTCATGCAGTGTGCGATTCT
TTTCATCACTGTTGCGTTTGTTGTTACATATACCTTAAAGGTCGATTTAAAAG
TTTGATTATATCCC 
Wild-type WHI2 TCTAACAGTA ACATTTCTAC AGCAAGGAAT TTAACAAGCG GAAGTACAGC 
ACCTGCAACT GCACGTGATA AGAGAAAATC AAGGCTGTCG AAACTAGCAG 
ATAACGTTCG TTCGCACTCT 
Wild-type YLR152C CACATTCAAA TGAACTGTTT GTCCGTCTTA TTTGTCATGC AGTATGCGAT 
TCTTTTCATC ACTGTTGCGT TTGTTGTTAC ATATACCTTA AAGGTCGATT 
TAAAAGTTTG ATTATATCCC 
whi2 deletion CCCGCCTCCCCATTAATTGATAAAGATAAAGGTTGTCTGAGCTTACACTTATT
ATAAACA GTGTATATAATATATTAGAGAAAGAAATGG 
AAAGAGATCGGGCCAAAGACACAATATGTAACAGTATGGTTTCTTGGTATCC
CCTCTTTC  
ylr152c deletion AAGGTCTATCATTTTTATATGGTGGAAACGATTTTCTAGTACTACAATAAATG
AACCAAG TTATATCCCTAGGCGAATAGGTATATACAA 
GAGTAGCTTATTATCAACTTATATATTCTGTTTTTTCAAAAGTAGCGATGAAT
TCCAATC  
 
aSequences with underlined letters representing the restriction site, and lower case letters representing the targeting 
sequences for cas9. 
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Figure 5.8. The fermentation profile of the industrial strain IIK1 (A) and its evolved strain IIK2 
(B) under SC medium with 80 g/L of glucose (SCD80) at pH 2.5. This fermentation was 
conducted in the bioreactor to maintain the pH at 2.5. Solid triangle (Glucose), Solid circle, 
(OD600), Open diamond (Xylitol), Open up-triangle (Glycerol), Open down-triangle (Acetate), 
and Solid square (Ethanol). 
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Figure 5.9. RT-qPCR was used to measure the expression of YLR152C in the control strain 
(D452-2), and the pho13 deletion mutant (D452-2 pho13Δ).  
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CHAPTER VI: INVESTIGATING THE ROLE OF THE UNCHARACTERIZED 
PROTEIN, YLR152C 
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6.1 Introduction 
The budding yeast Saccharomyces cerevisiae is the most broadly studied eukaryotic 
organism. It was also the first eukaryote that had its entire genome sequenced and made available 
to the public. Its genome contains around six thousand open reading frames (ORFs) distributed 
over 16 chromosomes totaling around 12.8 Mb. Approximately 80% of genes have been 
characterized functionally (1), and it was contributed by studies using the yeast knockout 
collections (2). Also, extensive tools were developed and available for the manipulation and 
engineering of yeasts (3-6). Therefore, S. cerevisiae was broadly used as a microbial factory to 
produce value-added chemicals and biofuels.  
However, S. cerevisiae, as well as other microorganisms, fluctuates from environmental 
stresses, such as temperature, ion concentrations, osmotic pressure, extreme pHs, nutrient 
availability, fermentation inhibitors, and organic acids that are commonly found in the industrial 
processes. Yeast tends to maintain a stable internal environment for optimal growth and function, 
and the exposure toward the stresses will hinder its growth and might threaten the survival of the 
cells. Therefore, many fundamental types of research are conducted to study how cells respond 
to stressful conditions (7). 
In order to proliferate or survive, yeast must adapt and evolve in a stressful environment, 
not only repair the damage but also develop a resistance against the stressful environment. 
Laboratory evolution is a type of inverse metabolic engineering that has been conducted 
expansively for improving the fitness of the yeast in the industrial environments. The reason is 
that inverse metabolic engineering does not require extensive understanding of the biochemical 
and genetic information to obtain the desirable phenotype under physical or chemical 
mutagenesis followed by direct selections on selected pressures (8-12). 
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One example is an efficient xylose-fermenting strain under minimal medium with the low 
pH condition was obtained from the laboratory evolution engineering (Chapter 5), and the 
beneficial phenotype was contributed by the deletion of an uncharacterized protein with 
unknown function, Ylr152c. The protein sequence of YLR152C exhibited less than 30% 
homology with two other yeasts genes with unknown functions, ECM3 and YNL095C. It is 
predicted to be an integral membrane protein with ten transmembrane domains by HMMTOP. 
The mutant with ylr152cΔ is viable and shows no growth defects as compared to the wild-type 
(13). No detailed scientific studies were performed to underlie the mechanism of Ylr152c 
because it was believed to be a non-essential gene. Before I can fully understand and characterize 
this protein, several obstacles must be overcome: 1) to validate the phenotype of this protein, 2) 
to understand the relationship between Ylr152c and the physiology of the cells, and 3) to identify 
the possible stress response metabolism induced by Ylr152c.  One obvious phenotype is that 
overexpression of Ylr152c in laboratory strain will have growth defect under low pH conditions. 
Several experiments were conducted to determine the relationship between Ylr152c and the pH 
homeostasis inside the cell. Also, E. coli was employed for the overproduction of the membrane 
protein in this study, because the natural abundance of membrane proteins are relatively low 
(14). Many functional and structural studies required sufficient concentrations of proteins to 
carry on. This chapter will provide several experiments to hint or relate the underlying 
mechanism of the Ylr152c protein for the future studies. 
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6.2 Material and methods 
6.2.1 Stains and plasmid construction 
All the strains and plasmids used in this study are summarized in Table 6.1. Escherichia 
coli Top10 was used for gene cloning and manipulation.  
 
6.2.2 Growth assay 
The automated Bioscreen C plate reader (Growth Curves USA, Piscataway, NJ 08854) was 
used to evaluate the growth of strains (15). The yeast cells were precultured in SCD for 24 hours 
and diluted to the initial optical density at 600 nm (OD600) = 0.1 and incubated in honeycomb 
two multiwell plates at 30 °C.  E. coli were precultured in LB overnight and 1% of cells was 
transferred into new Terrific Broth with appropriate antibiotics till OD600 reached 0.3 – 0.6. Then 
the cells were diluted to OD600 = 0.3 and incubated at 25 °C in the honeycomb two multiwell 
plates. OD600 reading was measured every one hour over a period of 24 hours or longer. The 
medium for Bioscreen C test is synthetic complete medium (SC, 6.7 g/L of yeast nitrogen base 
with of ammonia sulfate and amino acid) with 80 g/L of glucose and with different initial pH as 
indicated. 0.1% of tween80 was added to avoid flocculation of yeast. The medium for E.coli is 
Terrific Broth with various concentration of IPTG inductions (0, 10, 25, 50, 100, and 200 µM). 
All data are biological triplicates.  
 
6.2.3 Protein localization by GFP fusion 
Yeasts strains expressing Ylr152c or Hxt2 with their endogenous promoters were tagged 
at the carboxy terminal end with green fluorescent protein (GFP) by inserting the coding 
sequence of Aequorea victoria GFP (S65T) (16, 17) preceding the stop codon of the ORFs. The 
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cells with GFP-tagged ORFs were grown to exponential phase and visualized using an APO 
PH3 100x/1.40 objective on a Leica AF7000 Wide-field fluorescence microscope equipped with 
an sCMOS pco.edge 5.5 cameras (Leica / Nuhsbaum Inc., McHenry, IL).  
 
6.2.4 Cytosolic pH measurement 
The cytosolic pH measurement was performed as described previously (18-21). Yeast 
cells expressing pHluorin (18) were grown overnight to mid-log phase (OD600 less than 0.8) in 
SCD-Ura-His with MES buffer. Cells were harvested and washed in SC-Ura-His without 
glucose and resuspended in the calibration buffer with OD600= 0.5, then incubated for 1h at 30 
⁰C with roller drum. The calibration buffers with adjusted pHs (5.0, 5.5, 6.0, 6.5, 7.0, 7.5, and 
8.0) contain 50 mM MES (2-(N-morpholino) ethanesulfonic acid), 50 mM HEPES (4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid), 50 mM KCl, 50 mM NaCl, 0.2 M ammonium 
acetate, 10 mM sodium azide, 10 mM 2-deoxyglucose, 110 µM monensin, and 15 µM nigericin. 
The monensin and nigericin were added immediately before the experiment.  
While the cells were incubating, the washed cells were resuspended in the SC-Ura-His 
medium without glucose and  OD600 was adjusted to 0.5. The fluorescence intensity was 
measured from 96-well plates and monitored at excitation 390nm and excitation 475nm with 
emission 512nm for 10 min without glucose, and glucose was added immediately afterward with 
the fluorescence continued to monitor for 30 min. After one-hour of incubation, the cells in the 
calibration buffer had their fluorescence intensity measured. The fluorescence units were then 
converted into pH units by using calibration curves as described previously (19-21). The 
measured fluorescence intensities were normalized by subtracting the background signal (cells 
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without pHluorin). All the measurements were read by SpectraMax M5 Multi-Mode Microplate 
Reader. 
 
6.2.5 Expression of Ylr152c and purification in Escherichia coli 
Plasmids pYN, pYC, and pcodonYC were constructed for expression of His6-fused 
Ylr152c. Each plasmid was introduced into E.coli BL21(DE3) (NEB). Plasmid pP9-YN was 
constructed for expression of His6-fused and P9-fused Ylr152C, and it was transformed into 
E.coli Rosetta (DE3) pLyss. Cells were cultured in terrific broth with 50 µM chloramphenicol or 
50 µM ampicillin. When cells reached early exponential phase (OD600 between 0.3 – 0.6), 
100µM IPTG was supplemented to induce protein expression, and the cells were kept at 25 ⁰C in 
the shaking incubator. His6-Ylr152c or Ylr152c-His6 proteins were purified with Ni-NTA 
agarose beads (Qiagen). Proteins were eluted with washing buffer containing 25 mM 
HEPES/KOH, 100 mM KCl, and 300 mM imidazole. The protein was then further concentrated 
by using Centricon® Centrifugal Filter (EMD Millipore). His6-caveolae expression strain was 
used as a control in this experiment.  
 
6.2.6 Western blot analysis 
Purified his6-ylr152c and his6-caveolae proteins, or E.coli cell extracts were separated on 
12% SDS-PAGE gels and transferred to PVDF membranes (Bio-Rad). The membrane was 
blocked with 5% skim milk in TBST buffer (50 mM Tris, pH 7.5, 150 mM NaCl, 0.05% 
Tween20) for 1h and incubated with primary antibodies (His-antibody) at a 1:1000 dilution 
overnight at 4 ⁰C. Then the membrane was washed with TBST buffer and incubated with anti-
mouse secondary antibody for 1h at room temperature. After washing with TBST buffer, the 
189 
 
 
membranes were incubated with enhanced chemiluminescent (ECL) HRP substrate (Thermo 
Scientific), and band detection was carried out using X-ray film (Agfa). 
 
6.2.7 Co-Expression of Ylr152c and Caveolae 
The function of caveolae is to form membrane curvature and endocytic vesicles. The 
plasmid pGEX-Cav1 was constructed to overexpress GST-fused caveolae (22). Together with 
the plasmid described in (Session 2.5), they were introduced E.coli BL21 (DE3) (NEB). Cells 
were cultured in terrific broth with 50 µM chloramphenicol and 50 µM ampicillin. When cells 
reached early exponential phase (OD600 between 0.3 – 0.6), 100µM IPTG was supplemented to 
induce protein expression, and the cells were kept at 25 ⁰C in the shaking incubator. The Ylr152c 
membrane protein was expected to embed into the heterologous caveolae and display on the 
surface of the caveolae if they co-expressed together. After overnight culture, cells were 
harvested, and the cell pellets were resuspended in PBS buffer with 4.3 mg/mL lysozyme for 30 
min at room temperature in an orbital shaker. Next, Cells were sonicated on ice, and the caveolae 
were purified with glutathione-agarose beads (Thermo Scientific). Proteins were eluted with 
reduced glutathione. If both proteins expressed well together, dye-encapsulation assay would 
perform prior the protein purification step.  
 
6.2.8 Reconstitution of membrane proteins into liposomes 
In Vitro Protein Synthesis AccuRapid Protein Synthesis Kit (Bioneer) was used to in vitro 
synthesize Ylr152c with cell-free expression. This method is quick and often used to synthesize 
toxic proteins. The protocol was provided and simply combining the template DNA, E.coli 
extract, a provided master mix (T7 RNA polymerase, rNTPs, ribosome, tRNA), and water. E. 
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coli cell-free protein expression method is a coupled reaction of transcription and translation. 
After 3h incubation at 30 ⁰C, the synthesized protein will be confirmed by SDS-PAGE analysis. 
The protein is his6-tagged, and the purification method is similar to Session 6.2.5. 
To create artificial liposomes, a lipid mixture of POPC (1-palmitoyl-2-oleoyl-sn-glycero-
3-phosphocholine): DOPS (1,2-dioleoyl-sn- glycero-3-phospho-l-serine): NBD (Nitro-2-1,3-
benzoxadiazol-4-yl): Rhodamine with a molar ratio of 62:35:1.5:1.5 (for lipid mixing assay) was 
dried with nitrogen gas followed by desiccation in a vacuum for 2h. The lipid film was 
resuspended in PBS buffer. After five cycles of freezing and thawing, the lipid was extruded 
through polycarbonate membranes with 100 nm pore size (Avanti Polar Lipids). To prepare T-
vesicle for lipid mixing, Ylr152c protein should be mixed in a 1:1 molar ratio and incubated at 4 
⁰C for 1h in a rotator. However, Ylr152c protein was not available during that time, so the binary 
complex was not prepared, the only liposome was generated. 
 
6.2.9 Dye encapsulation assays in liposome 
The artificial liposomes were incubated 0.6% (w/v) β-D-glucopyranoside (OG) and 10 mM 5-(6) 
carboxyfluorescein for 1h at 4 ⁰C. Then, the solution was diluted with PBS to the final 
concentration of the detergent (OG) was less than 0.3%, which is below its critical micelle 
concentration. After washing, the solution was treated with Bio-bead SM2 (Bio-rad) to remove 
excess dye overnight at 4 ⁰C. After removing the Bio-bead SM2 by centrifugation, the dye-
encapsulated liposome was flowed through the PD-10 desalting column (GE Healthcare) by 
following the gravity protocol. This column will help to separate the dye-encapsulated liposome 
and the free dyes since the liposome will be eluted out faster than the free dyes. The next step is 
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to test the fluorescence intensity according to pH since the 5-(6) carboxyfluorescein is a pH-
sensitive dye. 
 
6.3 Results and discussion 
6.3.1 Overexpression of Ylr152c hinders the cell growths in yeast  
From the previous study (Chapter 5), the mutant with ylr152cΔ in wild-type strain has no 
phenotype. Therefore, it was believed to be a non-essential gene. Interestingly, the ylr152cΔ 
improved both glucose and xylose fermentation under lower pH when the parental strain was a 
pho13Δ mutant. It was known that deletion of PHO13 is necessary for efficient xylose 
fermentation at neutral pH. However, I found that pho13Δ induces a transcription factor, Stb5, 
and it upregulated the Ylr152c. Therefore, we concluded that both pho13Δ and overexpression of 
Ylr152c hinder the cell growths under lower pH conditions. Moreover, both pho13Δ and 
ylr152cΔ were recommended for efficient xylose fermentation under lower pH (Chapter 5).  
In this study, I want to examine the toxicity of Ylr152c under various pHs. Therefore, I 
used the automated Bioscreen C plate reader to monitor the cell growths precisely. The media 
was synthetic minimal media with 80 g/L of glucose (SCD80) with 0.1% Tween80, and the pH 
was adjusted to 2.5, 3.0, 4.0, 5.0, 6.0, 7.0, 8.0, and 9.0 by NaOH and HCl. As a summary taken at 
12h (Figure 6.1), the optimal external pH for growths and fermentation is ranging from 3.5 to 
6.0 (23-26), and our results also supported that the specific growth rates were highest when the 
external pH ranged from 3.5 to 6.0. Once pH was outside the range, the specific growth rate 
decreased. Also, the wild-type and the ylr152cΔ mutant shows same specific growth rate 
regardless of the external pH. In contrast, the overexpression of YLR152C has lower specific 
growth amongst all the pH range when compared to the wild-type and deletion mutant, and the 
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defect is especially more noticeable when the growth condition was at pH 2.5. Therefore, 
Ylr152c might have some relationship with the intracellular pH homeostatic. Since no 
information or studies were conducted to characterize this protein, and its homology are all 
putative unknown protein, it will be our bold hypothesis that it is related to the proton transports 
or proton channel.  
 
6.3.2 Ylr152c might be localized at the plasma membrane  
GFP-fused proteins were often used to localize a protein, and monitor gene expression and 
intracellular protein trafficking in living cells (16, 17, 27). We first constructed a strain, D452-2 
Y-GFP, with GFP-fused at the C-terminal of YLR152C, preceding the stop codon. The D452-2 
HXT2-GFP strain was served as a control with the same GFP-fused at the C-terminal of HXT2 
before the stop codon since Hxt2 is also membrane protein.  In this trial, GFP signal was found 
to localized on the membrane of cells from the D452-2 HXT2-GFP strain (Figure 6.2A), but no 
GFP signals were observed in D452-2 Y-GFP.  
Therefore, I also construct an episomal expression of GFP-fused with the targeted protein, 
the strain named D452-2 p413-Y-GFP. This strain has a single copy plasmid containing a 
promoter (TEF) expressing GFP-fused Ylr152c. Single copy plasmid with TEF promoter was 
selected due to overexpression of YLR152C are toxic to the cells, and TEF promoter showed 
strong fluorescence expression with other GFP-fused protein (28). However, the GFP 
fluorescence was also not observed in D452-2 p413-Y-GFP. 
Next, the promoters between Hxt2 and Ylr152c was swapped to test the expression level. 
The D452-2 Yp-HXT2-GFP strain was constructed by inserting ~500bp of the Ylr152c promoter 
in front of the start codon of GFP-fused HXT2, and the resulting strain lost the GFP signal, 
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suggesting that the promoter of YLR152C was a weak promoter in yeast.  Likewise, The D452-2 
HXT2p-Y-GFP strain was constructed the same method by insertion of ~500bp Hxt2 promoter 
in front of the start codon of GFP-fused Ylr152c, and it was expected to detect some level of 
GFP under the microscope since HXT2 has a strong promoter. However, no GFP fluorescence 
was observed.  
I examined that the endogenous promoter of YLR152C was weak, but no GFP signal was 
detected even after a stronger promoter was introduced. One possible reason might be the protein 
instability of Ylr152c or GFP. Both C-terminal and N-terminal are predicted to be extracellular 
after the predicted structure of Ylr152c was generated by HMMTOP. GFP protein is likely to 
have instability issue when it was fused with a C-terminal outside the plasma membrane (29). 
Therefore, I constructed several strains with truncated Ylr152c at different site locations and 
fused with GFP. The sites included 1171bp (phe), 1401 (ile), 1431 (ser), 1607 (pro), and 1641 
(leu).  In addition, the galactose promoter was inserted before the ORF of Ylr152c, where the 
protein should be highly expressed under the galactose induction. In the end, I could observe a 
weak fluorescence from the constructed strain, D452-2 Gal1p-tY-GFP (Figure 6.2B). The 
protein seems like to be localized at the membrane, but more experiments should be employed to 
confirmed this observation. Some punctures were also observed during the process. 
 
6.3.3 Cytosolic pH was maintained at higher pH in the overexpression strain  
In order to have a functional metabolism, the intracellular pH was tightly regulated in the 
cytosol. S. cerevisiae maintains the intracellular homeostasis with P-type proton pump, Pma1, 
localized to the plasma membrane and control the intracellular pH. Glucose stimulates the Pma1 
H+-ATPase activity by inducing phosphorylation (30), resulting in a sudden decrease of 
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intracellular pH as an initialization of glycolysis, then the increased intracellular pH is the 
response with the active ATPase activity (19). The activities of P-ATPase and V-ATPase are 
sensitive to pH, especially since Pma1is highly activated in response to cytosolic acidification 
(31). In addition, the intracellular pH constantly decreases as a consequence of the reduction of 
the external pH (31). Only when cells are undergoing glucose starvation or depletion, the cells 
are unable to maintain its pH homeostasis and cytosolic acidification occur. (32) Therefore, it 
will be interested to detect the intracellular pH as acidification took place during the 
fermentation. A plasmid with the pHlourin, a pH-sensitive GFP (18), was introduced into the 
wild-type, and the strains with deletion or overexpression of Ylr152c.  The wild-type strain 
D452-2-pH, the deletion mutant, D452-2 ylr152cΔ-pH, and the overexpression mutant D452-2 
YLR152C-pH were cultured in synthetic complete minimal medium with 80g/L of glucose 
(SCD80) without buffers at the initial OD600 at 0.1. The fermentation was conducted at 30 ⁰C and 
100 RPM, and the sampling interval is every 6h. The intracellular pH, extracellular pH, and cell 
growth, and the metabolites were measured.  
A calibration curve was first generated to correlate the fluorescence intensity ratio I390/I475 
with the intracellular pH (Figure 6.3). As shown in Figure 6.4, the extracellular pH decreased 
drastically along with the faster glucose consumption rate and growth rate from 6h to 18h. The 
intracellular pH was also decreased as the external pH was declining, which was also reported in 
the previous study (31). The intracellular pH was then maintained around between pH 6-7 even 
the extracellular pH was already dropped to pH 3, which also supported by a previous study that 
intracellular pH was maintained at neutral pH even external pH was ranging from 3 - 8 (32, 33). 
Among three of the strains, the deletion mutant and the wild-type behaved similarly, but the 
overexpressed mutant D452-2 YLR152C-pH was growing and consuming glucose worse than the 
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other two strains. When comparing the extracellular pH, the D452-2 YLR152C-pH decreased the 
external pH faster than the other two strains, but the intracellular pH was higher among all the 
strain, even at the initial stage.  
In order to confirm this phenotype was only observed with Ylr152c protein, we also tested 
with other protein (data not shown), and it was confirmed only Ylr152c overexpression strain 
had higher intercellular pH and maintained throughout the fermentation. However, the 
fluorescence intensity of pHlourin in Ylr152c expressed strains was only half of the other strains, 
and the intensity level is almost close to the background level, the strain without pHlourin 
expression. This observation leads to a new direction of this study. Will it be possible that 
Ylr152c leads to degradation of heterologous protein intracellular? Will this also explain the 
localization problem with GFP-fused protein? Other experiments will be carried out toward this 
direction in the future study.  
 
6.3.4 Ylr152c was unable to express in E. coli 
Escherichia coli expression system was well established to study heterologous protein 
overexpression and structural studies. It allows a significant amount of protein production for 
further study. However, eukaryotic membrane proteins are more challenging to produce in E.coli 
due to the differences in the membrane insertion machinery and lipid bilayer composition (34). 
Nevertheless, several eukaryotic membrane proteins were successfully produced in a functional 
form in E. coli (35).   
In addition, a new experimental scheme was designed to characterize the function of 
Ylr152c against pH in a vesicle created by co-expression of both Ylr152c and caveolae. 
Caveolae is to form membrane curvature and endocytic vesicles (22, 36). By reconstitution of the 
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membrane protein Ylr152c into the vesicles, the activities of the membrane protein can be 
studied in the closed vesicles created by caveolae. A pH-dependent fluorescence (Oregon Green 
or Carboxyfluorescein) will be used to encapsulate together in the caveolae. By measuring the 
changes of the fluorescence intensities in response to the pH gradients across the membrane or 
through the protein, we may able to conclude that Ylr152c is related with proton fluxes.  
Therefore, Ylr152c was examined to co-overexpress with caveolin in E. coli. 
 However, Ylr152c was failed to express in E. coli BL21(DE3) (Material and Method), 
only caveolae were successfully expressed in E. coli BL21(DE3). Therefore, several experiments 
were carried out to troubleshoot the problem. First, Ylr152c was codon optimized for E. coli 
expression. Second, Ylr152c was fused with P9 phage membrane protein, which could facilitate 
the synthesis of the target protein and their integration into the E. coli cell membrane (37). Third, 
Ylr152c was switched to a new host Rosetta(DE3) pLyss, which is more suitable for expression 
of a eukaryotic protein that contains rare codons used in E.coli (38, 39). However, Ylr152c 
expression was not able to detect by both SDS-PAGE and Western Blot, even when His-tag 
purification was used to purify the protein and concentrated protein.  
 An alternative experiment was designed to reconstitute Ylr152c into the liposome 
through simultaneous in vitro protein synthesis. Similar to the previous experimental scheme, 
artificial liposome was generated, instead of caveolae. The differences in pH will be monitored 
through the changes of fluorescence intensities in the dye encapsulated and Ylr152c embedded 
artificial liposome. Three main experiments must be achieved to confirm the possibility of this 
study. First, AccuRapid Protein Synthesis Kit was used to simultaneous in vitro synthesize 
Ylr152c with His-tagged. Second, an artificial liposome must be created and able to encapsulate 
the dye. Third, the permeability of the proton with the artificial liposome must be tested, the dye 
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fluorescence intensity should maintain constant in artificial liposome without any protein 
embedded.  It will be different only when the protein is embedded. Throughout the study, only 
the artificial liposome with dye encapsulated was successfully conducted (Figure 6.5). The 
Ylr152c was not able to synthesize, and this experiment was discontinued. Overall, a new 
experiment was designed to either purify Ylr152c from yeast, or co-express caveolae with 
Ylr152c in yeast to continue this experiment in the future. 
 
6.3.5 Ylr152c overexpression hinders the cell growths in E. coli 
From the previous experiments, expression of Ylr152c was failed in E. coli. However, a 
growth defect phenotype was observed throughout the experiments. The OD600 was always half 
of the control strain, a strain without any protein expression.  It is common to have reduced 
growth rate during the protein expression. Therefore, the growth assay was carried out in to 
study the toxicity of Ylr152c in E. coli. The strain with caveolae expression was also used as a 
control to eliminate the possibility of protein expression linked to the growth defect. Bioscreen C 
plate reader was used to monitor the cell growth. As shown in Figure 6.6, the growths of 
Ylr152c expressed strains were significantly reduced as the induction is increased, while the 
growth of caveolae expressed strain and control strain are the same. This result suggested that 
Ylr152c overexpression hinders the growth of E. coli.  
 
6.4 Summary 
Overall, Ylr152c is hard to express in E. coli. Overexpression of membrane protein is often 
toxic to the cells and hindered the cell growths. Sometimes they were expressed into the 
inclusion bodies, leading the later difficulties of refolding the proteins. Therefore, a generic and 
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optimized method must be developed for expressing the membrane protein. Another problem 
with the Ylr152c overexpression in E.coli was that the protein was not able to detect, even in 
inclusion bodies. Only the hindered the phenotypes were observed, indicating Ylr152c affects the 
cell metabolisms and growths. Solving this problem will be necessary, before studying the role 
of the function of Ylr152c in E. coli. In addition, it was also difficult to localize Ylr152c in the 
yeast. Only the hindered growth was observed in S. cerevisiae. One possible solution for future 
studies could be harvesting abundant Ylr152c from yeast and reconstitute with the liposomes to 
investigate the role of Ylr152C.  
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6.5 Table 
Table 6.1. Strains and plasmids used in this study 
Strains or plasmids Description References 
Strains   
D452-2 MATa leu2 his3 ura3 can1  (40) 
D452-2 423 D452-2 pRS423GPD This study 
D452-2 YLR152C D452-2 pRS423GPD_YLR152C This study 
D452-2 ylr152cΔ D452-2 with ylr152c deletion by cas9 This study 
D452-2 423 426 D452-2 pRS423GPD pRS426GPD This study 
D452-2 pH D452-2 pRS423GPD pPGK_pHluorin This study 
D452-2 YLR152C-pH D452-2 pRS423GPD_YLR152C pPGK_pHluorin This study 
D452-2 ylr152cΔ-pH D452-2 ylr152cΔ pPGK_pHluorin This study 
D452-2 pho13Δ Y-GFP D452-2 pho13Δ YLR152C-GFP This study 
D452-2 HXT2-GFP D452-2 HXT2-GFP This study 
D452-2 Y-GFP D452-2 YLR152C-GFP This study 
D452-2 p413-Y-GFP D452-2 pRS413-TEF-YLR152C-GFP This study 
D452-2 Galp1-Y  D452-2 YLR152C with galactose promoter (inserted before the ORF) This study 
D452-2 Galp2-Y D452-2 YLR152C with galactose promoter (replaced the native promoter) This study 
D452-2 HXT2p-Y-GFP D452-2 GFP-fused YLR152C with HXT2 promoter (inserted before the ORF) This study 
D452-2 Yp-HXT2-GFP D452-2 GFP-fused HXT2 with YLR152C promoter (inserted before the ORF)  
D452-2 Gal1p-Y-GFP D452-2 GFP-fused YLR152C with galactose promoter (inserted before the ORF) This study 
 D452-2 Gal1p-tY-GFP D452-2 GFP-fused and truncated YLR152C with galactose promoter (inserted before the ORF) This study 
BL21(DE3)  NEB  
BL21 – C BL21(DE3) pACYC-Duet This study 
BL21 – CAV BL21(DE3) pCAV1 (22) 
BL21 – YN BL21(DE3) pYN This study 
BL21 – YC BL21(DE3) pYC This study 
BL21 – codonYC BL21(DE3) pcodonYC This study 
BL21 – P9YN BL21(DE3) pP9-YN This study 
R-C Rosetta (DE3) pLyss pColA This study 
R-YN Rosetta (DE3) pLyss pColA-YN This study 
   
Plasmids   
pRS413TEF HIS3, PTEF-TCYC1, 2μ, ampR ATCC® 87362TM 
pRS423GPD HIS3, PGPD-TCYC1, 2μ, ampR ATCC® 87355TM 
pRS426GPD URA3, PGPD-TCYC1, 2μ, ampR ATCC® 87361TM 
pRS423GPD-YLR152C HIS3, PGPD-YLR152C-TCYC1, 2μ, ampR This study 
pPGK-pHluorin URA3, a 2μ plasmid with pHluorin under PGK promoter (18) 
pRS413-TEF-YLR152C-GFP HIS3, a plasmid containing YLR152C fused with GFP This study 
pFA6a-GFPS65T A plasmid containing the GFP and kanamycin resistance (41) 
pACYC-Duet His6 fusion vector Invitrogen 
pCAV1 pACYC_Duet with caveolin, CamR, his6 fusion (22) 
pGEX-Cav1 pGEX6p1 vector with caveolin, ampR, GST fusion (22) 
pYN pACYC_Duet with YLR152C, CamR, his6 fusion (N-terminal) This study 
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Table 6.1. (Cont.) 
Strains or plasmids Description References 
Plasmids   
pYC pACYC_Duet with YLR152C, CamR, his6 fusion (C-terminal) This study 
pcodonYC pACYC_Duet with codonYLR152C, CamR, his6 fusion (C-terminal) This study 
pP9-YN pACYC_Duet with his6-fused YLR152C (N) and P9 fused; CamR, his6 fusion (N-terminal) This study 
pColA-YN pColA_Duet with YLR152C, ampR, his6 fusion (N-terminal) This study 
  
201 
 
 
 
6.6 Figures 
 
 
 
Figure 6.1. The correlation between specific growth rate and the extracellular pH.  
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Figure 6.2. The microscopy of GFP-fused membrane protein (A) Hxt2 and (B) truncated 
Ylr152c with Gal1 promoter.  
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Figure 6.3. The excitation wavelength spectrum with emission 512 nm of pHlourin showed that 
excitation at 390nm and 475nm is the best wavelengths for intracellular pH measurement (A). A 
standard curve of the ratio I390/I475 was plotted against the intracellular pH ranging from 5.5 to 
8.0.  
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Figure 6.4. The fermentation profile in synthetic complete minimal media with 80 g/L of 
glucose (SCD80). No buffer was used, and the acidification of the media occurred throughout the 
fermentation. The growth curve (A), glucose consumption (B), extracellular pH (C), and the 
intracellular pH (D) was monitored every 6h. Parameters: D, the wild-type strain D452-2 
harboring the pHlourin plasmid; DY, the deletion strain D452-2 ylr152cΔ with pHlourin; DgY, 
the overexpression strain D452-2 YLR152C with pHlourin.    
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Figure 6.5. The fluorescence intensity of the pH-sensitive dye (Carboxyfluorescein). The dye-
encapsulated liposome and the free dye were separated by the PD-10 desalting column. Blue: 
The encapsulated liposome was first eluted out, and the free dye was eluted after 40*3 =120 
droplets from the column. Orange: free dye was added to the PD-10 desalting column as a 
control.   
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Figure 6.6. The relationship between the expression level of the protein versus the growth rate. 
Parameters: C, control strain with empty vector; CAV, control strain with caveolae expression; 
YN, Ylr152c expression with His-tagged at N-terminal; YC, Ylr152c expression with His-tagged 
at C-terminal; Codon; codon-optimized Ylr152c with His6-tagged at C-terminal.   
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7.1 Summary 
Efficient and cost-effective biofuel production by microbial fermentation from 
lignocellulosic hydrolysates would contribute to solving the intensifying problems of rapid 
increase in human population, insufficient supply for energy sources, and fuel vs. food issues.  
Yeast, especially Saccharomyces cerevisiae, have been employed to convert hexose sugars into 
bioethanol due to its long history of domestication in wine, ethanol, and bread production. With 
the developed genetic tools, strain improvement of S. cerevisiae provided a significant potential 
in the bioconversion of fermentable sugars into value-added chemical products. Therefore, the 
industrial strain was a potential host for efficient bioconversion of lignocellulosic hydrolysates 
into value-added chemicals and bioethanol. However, the fermentable sugars were generated 
through harsh chemical and physicochemical pretreatment of lignocellulosic feedstocks, and this 
process also generated various of toxic compounds that inhibit microbial growths, cell 
metabolisms, and even the yield of desired products. The focus of this dissertation was to 
develop an optimal strain that has a superior fermentation capability that could withstand 
extreme environment conditions, such as low pH conditions, and discover the possible genetic 
targets responsible for low pH resistance.  
 In Chapter II, we investigated numerous industrial Saccharomyces strains to assess their 
tolerance under a variety of industrially relevant conditions, especially conditions related to the 
fermentation of lignocellulosic hydrolysates. We selected ATCC 66348 (together with ATCC 
4124) as the best-performing strains considering sugars utilization capability, lower pH 
tolerances, acetic acid tolerances, inhibitor resistances, and higher temperature resistances.  
 High concentration of acetic acid in lignocellulosic hydrolysates also inhibited cell 
growth. Therefore an NADH-dependent acetate reduction pathway has been introduced into a 
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xylose-fermenting yeast in a previous study. However, the capacity of acetate consumption by 
the engineered yeast was not impressive. Future optimization of the acetate reduction pathway 
was conducted in Chapter III. The enzyme activities of AADH, acetylating acetaldehyde 
dehydrogenase, was the key limiting factor for enhancing the capacity of the acetate reduction 
pathway. After codon-optimization and increasing copy number of adhE from E. coli, the 
enzyme activities of AADH increased accordingly. The acetate reduction pathway was optimized 
in an engineered xylose-fermenting yeast, and the resulting strain could detoxify acetate in toxic 
levels during the mixed sugar fermentation in the presence of acetate, which substantially 
improved the ethanol yield from xylose as well. 
 As industrial strains exhibited many desired phenotypes for industrial applications and 
they have higher tolerances against stressful environmental, they are the potential hosts of further 
strain engineering to develop robust and efficient strains for lignocellulosic fermentation. In 
Chapter IV, we demonstrated a promising approach to developing new metabolic engineering 
hosts for the production of cellulosic biofuels. We isolated a stable haploid derivative (4124-S60) 
of the S. cerevisiae ATCC 4124 (in Chapter II) that exhibits desirable phenotypes for producing 
cellulosic ethanol: rapid glucose fermentation capability, strong heat and inhibitor tolerance, and 
efficient xylose fermentation after metabolic engineering. The selected haploid strain 4124-S60 
was then engineered for xylose fermentation by introducing necessary genetic perturbations for 
efficient xylose fermentation, such as pho13Δ and ald6Δ. Together with the NADH-dependent 
acetate reduction pathway, the resulting strain (IIK1A) exhibited a higher ethanol yield and 
lower byproduct yield as compared to its parental strain from an anaerobic fermentation of a 
Miscanthus hydrolysate. Our results demonstrated that isolation of haploid derivatives from 
industrial yeast strains is a promising strategy for developing new "industrial-strength" chasses 
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for metabolic engineering. The isolated haploid (4124-S60) can be used as a metabolic 
engineering host to produce fuels and chemicals. 
 The efficient xylose-consuming strain IIK1 was constructed in Chapter IV.  Even so, 
xylose fermentation by the engineered yeast was not efficient under the synthetic complete 
minimal (SC) medium conditions that are preferred for industrial applications. In Chapter V, 
laboratory evolution was performed to improve the xylose fermentation under the SC medium 
without a buffer. A mutant strain IIK2 capable of fermenting xylose in the SC medium was 
isolated. Interestingly, the IIK2 strain displayed improved tolerance against lower pHs during 
both glucose and xylose fermentation. After genome resequencing, two missense mutations in 
WHI2 and YLR152C were identified in the genome of the IIK2 strain. Overall, the results from 
this chapter results suggest that both ylr152cΔ and pho13Δ are the important genetic targets for 
improved xylose fermentation under SC medium with low pH conditions for renewable biofuel 
production.  
 As Ylr152c was an interesting genetic target for low pH fermentation, I tried to 
understand the function of Ylr152c using various genetic and biochemical methods in Chapter 
VI. Overall, we can only conclude overexpression of Ylr152c causes growth defect in both S. 
cerevisiae and E. coli. 
 
7.2 Future studies 
Although these studies have constructed a robust host for the lignocellulosic hydrolysates 
fermentation. Further optimization of the strain could be done to further increase acetic uptake 
rate and ethanol yield. In addition, many other inhibitors are present in the lignocellulosic 
hydrolysates, but I only focused on the acetic acid and low pH conditions. Therefore, laboratory 
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evolution to isolate mutants exhibiting other toxic inhibitors in lignocellulosic hydrolysate can be 
performed to identify more genetic targets eliciting improved phenotypes. Additionally, the 
toxicity mechanism behind each inhibitor has not been characterized well. It will be possible to 
improve the strain fitness gradually through identifying the genes responsible for enhanced 
tolerance to each inhibitor. With these and the other goals, developing a superior yeast strain to 
tolerate most of the inhibitors would lead to cost-effective industrial fermentations. 
Many yeast proteins are still uncharacterized, which prevent the rational design of cellular 
metabolism for metabolic engineering. Still, these uncharacterized proteins play some important 
roles in determining a phenotype of interest as demonstrated by Ylr152c in this study. Continued 
investigation of the underlying mechanisms of Ylr152c in yeast will be necessary because 
Ylr152c was not expressed in E. coli. More studies could be performed once Ylr152c is purified 
from yeast, such as protein orientation, immunoprecipitation assay, transport assays, etc. 
 
 
 
